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RESUMO	
O	Brasil	 é	uma	das	principais	potências	no	campo	da	produção	de	biocombustíveis	 com	o	
bioetanol	 como	 seu	 principal	 produto.	 O	 bioetanol	 brasileiro	 é	 produzido	 principalmente	
pela	fermentação	da	cana-de-açúcar	e	é	conhecido	como	etanol	de	primeira	geração	(1G).	
Recentemente,	materiais	lignocelulósicos	também	estão	sendo	usados	como	matéria-prima,	
originando	 o	 etanol	 de	 segunda	 geração	 (2G).	 O	 bioetanol	 é	 considerado	 um	 produto	 de	
baixo	 valor	 agregado,	 portanto,	 baixos	 custos	 de	 produção	 são	 essenciais	 para	 que	 seja	
economicamente	 viável.	 Considerando	 os	 processos	 1G	 e	 2G,	 várias	 etapas	 e	 condições	
ainda	 podem	 ser	 aprimoradas.	 Na	 produção	 de	 etanol	 1G,	 por	 exemplo,	 muitas	 vezes	 é	
detectada	a	presença	de	micro-organismos	 indesejáveis	que	 levam	a	perdas	severas	e,	em	
alguns	 casos,	 ao	 fechamento	 temporário	 da	 usina.	 Atualmente,	 a	 principal	 estratégia	
adotada	 para	 superar	 esse	 problema	 é	 o	 uso	 profilático	 de	 antibióticos.	 No	 entanto,	 a	
crescente	preocupação	 relacionada	à	 seleção	de	bactérias	 resistentes,	 juntamente	 com	as	
questões	 ambientais	 e	 seu	 elevado	 custo,	 levaram	 a	 uma	 busca	 por	 agentes	 anti-
microbianos	alternativos.	Na	produção	de	etanol	2G,	um	dos	principais	desafios	é	a	eficiente	
fermentação	 da	 xilose	 pela	 levedura	 S.	 cerevisiae.	 A	 xilose	 isomerase	 (XI)	 é	 uma	 enzima	
chave	 para	 conversão	 da	 biomassa	 lignocelulósica	 em	 etanol.	 No	 entanto,	 a	 maioria	 dos	
genes	XI	não	são	funcionais	quando	expressos	em	S.	cerevisiae.	No	trabalho	apresentado,	os	
problemas	 que	 ocorrem	 na	 1G	 e	 2G	 são	 abordados.	 O	 Capítulo	 I	 tem	 como	 objetivo	
demonstrar	que	a	XI	de	Propionibacterium	acidipropionici	se	torna	funcional	em	S.	cerevisiae	
quando	 co-expressa	 com	 um	 complexo	 bacteriano	 de	 chaperoninas	 adquirindo	 uma	
capacidade	 elevada	 de	 converter	 xilose	 em	 etanol.	 No	 capítulo	 II	 é	 proposto	 um	
desenvolvimento	 de	 leveduras	 geneticamente	 modificadas	 capazes	 de	 controlar	 o	
crescimento	bacteriano	em	fermentações	etanólicas.	
	
	
	
	
ABSTRACT	
Brazil	is	one	of	the	main	potencies	in	the	field	of	biofuels	production	with	bioethanol	as	its	
major	product.	Brazilian	bioethanol	is	mostly	produced	by	fermentation	of	sugarcane	and	is	
known	 as	 first-generation	 ethanol	 (1G).	 Recently,	 lignocellulosic	 materials	 are	 also	 being	
used	 as	 a	 feedstock,	 originating	 the	 second-generation	 ethanol	 (2G).	 Bioethanol	 is	
considered	a	low	value-added	product,	therefore	low	production	costs	are	essential	for	it	to	
be	economically	viable.	Considering	1G	and	2G	processes,	several	steps	and	conditions	can	
still	be	improved.	In	1G	ethanol	production	for	instance	it	is	often	detected	the	presence	of	
unwanted	microorganisms	that	lead	to	severe	losses	and	in	some	cases	temporary	closure	of	
the	 ethanol	 plant.	 Currently,	 the	main	 strategy	 adopted	 to	 overcome	 this	 problem	 is	 the	
prophylactic	 use	 of	 antibiotics.	 Nevertheless,	 the	 crescent	 concern	 related	 to	 selection	 of	
resistant	strains	of	bacteria,	along	with	environmental	issues	and	its	elevated	cost,	have	led	
to	a	search	for	alternative	antimicrobial	agents.	 In	2G	ethanol	production,	one	of	the	main	
challenges	is	efficient	xylose	fermentation	by	the	yeast	S.	cerevisiae.	Xylose	isomerase	(XI)	is	
a	 key	 enzyme	 2G	 biomass	 conversion.	 However,	 most	 XI	 genes	 are	 not	 functional	 when	
expressed	in	S.	cerevisiae.	 In	the	presented	work	both	1G	and	2G	problems	are	addressed.	
Chapter	 I	 aims	 to	 demonstrate	 that	 XI	 from	 Propionibacterium	 acidipropionici	 becomes	
functional	 in	S.	cerevisiae	when	co-expressed	with	a	bacterial	chaperonin	complex	and	has	
an	elevated	ability	of	converting	xylose	to	ethanol.	In	chapter	II	is	proposed	a	development	
of	 genetically	 modified	 yeast	 capable	 of	 controlling	 the	 bacterial	 growth	 in	 ethanolic	
fermentations.	
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INTRODUCTION	
In	the	year	of	2015	both	NASA	and	the	National	Oceanic	and	Atmospheric	Administration	
(NOAA)	registered	the	warmest	surface	temperature	in	the	current	history.	Considering	that	
recently	the	highest	level	of	carbon	dioxide	on	earth’s	surface	was	recorded,	it	is	possible	to	
assume	that	global	temperature	may	be	the	highest	in	4.000	years	(+	GISTEMP	Team,	2016).	
Along	comes	a	great	concern	about	what	 some	researchers	already	consider	 the	 threat	of	
the	 modern	 world:	 climate	 change.	 In	 this	 context,	 renewable	 energy	 becomes	 more	
interesting	and	is	gaining	a	great	deal	of	attention.	Brazil	is	considered	one	of	the	economies	
that	 control	 the	 biofuels	 market	 since	 2006,	 along	 with	 the	 US	 and	 EU.	 This	 influence	
happens	 mainly	 due	 to	 the	 government’s	 contributive	 administration	 and	 bureaucratic	
encouragement	 (UNCTAD,	 2016).	 In	 1975	 Pro-álcool	 program	 (Ethanol	 National	 Program)	
was	implemented	in	Brazil,	encouraging	the	replacement	of	fossil	fuel	for	ethanol	produced	
from	sugar	cane	(Goldemberg,	2007).	More	recently	during	the	COP-21	meeting	the	Brazilian	
government	 committed	 to	 lower	 in	 43%	 the	 Green	 House	 Gasses	 (GHG)	 emissions	 in	 the	
atmosphere	until	2030	(Souza,	2015).	This	goal	raises	even	more	the	demand	for	renewable	
fuel	productions.	
Combination	of	 first	 (1G)	and	second-generation	 (2G)	ethanol	production	 is	considered	
to	be	a	promising	approach	to	achieve	significant	reductions	in	GHG	emissions	and	fossil	fuel	
usage	 (Farrell,	 2006).	 First	 generation	 ethanol	 production	 in	 Brazil	 consists	 on	 the	
fermentation	 of	 sugar	 cane	 broth	 composed	 mainly	 by	 sucrose	 formed	 by	 hexoses	 (C6-
sugars).	 In	 comparison	 the	 raw	 material	 of	 Second-generation	 ethanol	 production	 is	
lignocellulosic	biomass,	 composed	by	cellulose	 (40	 to	50%),	hemicellulose	 (25	 to	35%)	and	
lignin	(15	to	20%)	(Galbe	and	Zacchi,	2002;	Kaparaju	et	al.,	2009).	Differently	than	cellulose,	a	
polymer	 composed	 by	 glucose,	 hemicellulose	 is	 formed	 by	 glucose,	 xylose,	 mannose,	
galactose	 and	 arabinose	 (Saha,	 2003).	 Therefore	 the	 conversion	 of	 the	 lignocellulosic	
biomass	 to	 ethanol	 is	 more	 complex	 when	 compared	 with	 1G-ethanol	 and	 has	 two	
additional	processes:	pre-treatment	and	enzymatic	hydrolysis.	
During	 pre-treatment	 the	 lignocellulosic	 material	 goes	 through	 a	 process	 that	 will	
“break”	the	plant	cell	wall,	dividing	it	into	cellulose,	hemicellulose	and	lignin.		Then,	cellulose	
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and	 hemicellulose	 will	 go	 trough	 an	 enzymatic	 hydrolysis,	 where	 hemicellulases	 will	 act	
cleaving	the	polymers	and	liberating	monomers	of	C6	and	C5-sugars	(Figure	1)	(Laluce	et	al.	
2012;	Viikari	et	al.	2012).	Saccharomyces	cerevisiae	yeast	 is	 the	microorganism	responsible	
for	 the	 fermentation	 step	 in	 most	 1G-ethanol	 industries	 due	 to	 its	 robustness,	 high	
productivity	 and	 elevated	 ethanol	 yield.	 However,	 this	 yeast	 is	 not	 capable	 of	 naturally	
consuming	C5-sugars	that	are	abundant	in	2G-ethanol	production	(Cai	et	al.,	2012).	
	
	
	
Figure	 1:	 Cellulose	 and	Hemicellulose	 composition.	 Scheme	representing	 the	basic	composition	of	
cellulase	and	hemicellulase	materials	as	well	as	the	cellulases	and	hemicellulases	responsible	for	the	
cleavage	of	the	polymers	and	release	of	sugar	monomers.	
	
Once	 xylose	 is	 the	 main	 pentose	 in	 hemicellulose	 materials	 expression	 of	 a	 xylose	
consumption	pathway	 in	S.	 cerevisiae	 is	an	approach	widely	 studied	worldwide	aiming	 the	
feasibility	 of	 the	 process.	 Currently,	 two	 xylose	 conversion	 pathways	 are	 known:	 the	 oxy-
reductive	(OR)	one	and	the	xylose	isomerase	(XI)	one	(Figure	2)	and	efficient	conversion	of	
xylose	by	S.	cerevisiae	is	already	a	reality,	in	fact,	the	fist	Brazilian	second	generation	ethanol	
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industry	was	 implemented	using	a	genetically	modified	S.	 cerevisiae	 that	contains	a	xylose	
consumption	pathway	among	several	others	modifications	(Cai	et	al.,	2012).	This	strain	along	
with	all	the	others	developed,	in	spite	of	their	outstanding	performance,	present	an	inferior	
efficiency	in	the	conversion	of	C5-sugars	when	compared	to	C6-sugars.	Reported	industrial	S.	
cerevisiae	strains	are	capable	of	consuming	all	C6-sugars	in	approximately	8h.	On	the	other	
hand,	 one	 of	 the	 most	 efficient	 C5	 consuming	 S.	 cerevisiae	 strain	 has	 a	 significant	 lower	
consumption	 rate:	 18h	 to	 completely	 consume	 30g	 of	 xylose	 in	 synthetic	media	 and	 40h	
when	cultivated	in	industrial	media	(Santos	et	al.,	2016).	Therefore,	efficient	C5	conversion	
can	be	considered	an	important	bottleneck	in	2G	industries.		
	
	
	
	
Figure	 2:	 Xylose	 consumption	 pathways.	 Scheme	 representing	 the	 two	 main	 pathways	 of	 xylose	
consumption.	Both	xylose	 isomerase	pathway	 (XI)	and	 the	oxi-reductive	pathway	convert	xylose	 to	
xylulose,	 through	 the	 action	 of	 two	 different	 enzymes:	 xylose	 reductase	 (XR)	 and	 xylitol	
dehydrogenase	 (XDH).	The	xylose	monomers	are	 taken	 in	 to	 the	cell	 through	the	sugar	 transporter	
(HXT).	 The	xylose	 can	also	be	 converted	 in	 xylitol	 through	 the	action	of	 the	aldose	 reductase	 (AR).	
Once	xylulose	is	formed	it	is	converted	in	xylulose-5-P	through	the	action	of	a	xylulokinase	(XK).	
HXT
	
PENTOSE	
PHOSPHATE	
PATHWAY	
NAD(P)H NAD(P)+ 
NAD(P)H NAD(P)+ 
NAD+ NADH 
ATP 
ADP 
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In	addition,	due	to	the	nature	of	both	industrial	processes,	1G	and	2G,	aseptic	conditions	
are	 difficult	 to	 achieve,	 therefore	 ethanolic	 fermentations	 often	 occur	 in	 the	 presence	 of	
contaminants	(Gombert	and	van	Maris,	2015).	Considering	the	relatively	 low	rate	of	xylose	
consumption	 during	 2G	 fermentations	 by	 S.	 cerevisiae	 it	 is	 possible	 to	 assume	 that	
contaminants	 that	 are	 capable	 of	 consuming	 xylose	 efficiently	 will	 develop	 more	 easily.	
These	 contaminants	 not	 only	 compete	 for	 the	 carbon	 sources	 available	 but	 also	 produce	
compounds	 that	will	 interfere	 in	 the	overall	performance	of	 the	yeast	 (Schell	et	al.,	2007).	
Bacterial	 contamination	 is	 the	 most	 frequent	 one	 and	 it	 can	 lead	 to	 great	 losses	 in	
production.	To	the	date,	the	main	strategy	to	control	bacterial	growth	is	the	prophylactic	use	
of	antibiotics.	Yet,	 this	practice	has	several	disadvantages	such	as	 the	elevated	cost	of	 the	
antibiotics	(Muthaiyan	et	al.,	2011).	
Therefore,	both	1G	and	2G	ethanol	production	processes	comprehend	several	stages	and	
bottlenecks	 that	 tend	 to	 increase	 the	 price	 of	 the	 final	 product,	 in	 this	 scenario,	 the	
development	of	new	strategies	aiming	 the	optimization	of	 such	process	 is	 crucial	 to	make	
ethanol	 economically	 viable,	 especially	 2G.	 Once	 the	 fermentation	 is	 an	 essential	 step	 its	
enhancement	 and	 optimization	 is	 indispensable.	 Therefore	 the	 present	work	 had	 as	main	
goals	explore	two	problems	that	occur	during	the	fermentation	step:	xylose	consumption	by	
the	 yeast	 S.	 cerevisiae	 during	 2G	 processes	 and	 bacterial	 contamination	 on	 1G	 and	 2G	
processes.	 This	work	 is	 divided	 in	 two	 chapters:	 the	 first	 one	 is	 a	manuscript	 published	 in	
BMC	 Biotechnology	 regarding	 the	 construction	 of	 a	 genetically	 modified	 S.	 cerevisiae	
expressing	a	bacterial	xylose	isomerase	to	overcome	the	lack	of	xylose	consumption	in	this	
yeast.	 The	 second	 deals	 with	 the	 problematic	 of	 bacterial	 contamination	 in	 ethanolic	
fermentations	 aiming	 the	 development	 of	 an	 alternative	 for	 the	 prophylactic	 use	 of	
antibiotics	in	an	industrial	scale.	
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CHAPTER	I	
	“Conversion	of	an	inactive	xylose	isomerase	into	a	functional	enzyme	by	co-expression	of	
GroEL-GroES	chaperonins	in	Saccharomyces	cerevisiae.”	
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Background 
Global warming caused by greenhouse gases is becoming 
a consensus. One of the most efficient ways to avoid fur- 
ther fossil based emissions and capture CO2 is through 
biomass production, with subsequent conversion into bio- 
fuels [1]. Recently, the first second-generation (2G) etha- 
nol biorefinery was implemented in Brazil and initiated 
production [2]. Even though no effort has been spared to 
optimize the 2G–ethanol production, bottlenecks still 
need to be overcome, such as the development of a micro- 
organism for efficient pentose (C5-sugar) fermentation, 
with tolerance to the inhibitors created in  the  process. 
The yeast Saccharomyces cerevisiae is the microorganism 
responsible for fermentation in most first-generation (1G) 
ethanol industries due to its robustness against diverse 
stresses, high productivity, and elevated ethanol yield. 
However, this yeast is not capable of naturally consuming 
C5-sugars [3]. 
In the course of bioconversion of lignocelluloses, xy- 
lose  consumption is crucial due to the high percentage  
of this C5-sugar in its composition [4]. Because S. cerevi- 
siae can convert xylulose into ethanol, several works 
have been and are being developed to obtain a genetic- 
ally modified strain capable of converting xylose into 
xylulose. Two xylose conversion pathways are known: 
the oxidoreductase pathway and the xylose isomerase 
(XI) pathway. The first appears mainly in fungi and re- 
lies on the reduction of xylose to xylitol, followed by the 
oxidation of xylitol to xylulose through the action of the 
xylitol reductase (XR) and xylitol dehydrogenase (XDH) 
enzymes, respectively [3]. The second pathway, although 
widespread in different organisms, is present mostly in 
bacteria. It comprises the direct isomerization of xylose 
to xylulose through the action of the XI  enzyme  [5]. 
Both pathways have already been successfully expressed 
in S. cerevisiae. Usually, genes from the XR-XDH path- 
way can be functionally expressed in S. cerevisiae, yet 
often the genes from XI pathway are  not  functional 
when introduced into this yeast. 
Pioneering research has tried to express XI from 
Escherichia coli, Bacillus subtilis, Actinoplanes missour- 
iensis, and Clostridium thermosulfurogenes in S. cerevi- 
siae without any success [6–8]. The first functional 
expression registered was achieved with a XI from Ther- 
mus thermophylus, although with low activity due to op- 
timal temperature for the enzyme action [9]. Years later, 
the XI from Piromyces sp. E2 was also functionally 
expressed in S. cerevisiae generating a yeast with ele- 
vated performance [5]. In contrast, several  studies tried  
to develop a pentose consuming S.  cerevisiae  through the 
expression of bacterial xylose isomerase but were 
unsuccessful [10–12]. 
Recently, the E. coli chaperonins GroEL-GroES com- 
plex where co-expressed in S. cerevisiae with xylose 
isomerase and arabinose isomerase from the same 
bacteria, which allowed the yeast cells to grow in xylose 
and arabinose as carbon sources [13]. Expression of the 
enzymes from E. coli without the chaperonins was unable   
to achieve this effect, which indicates an important role   
of this complex in enzyme activity. 
Several research groups are still seeking new enzymati- 
cally functional XI that when expressed in S. cerevisiae 
produce higher ethanol yield with elevated productivity. 
The ability of P. acidipropionici to grow in hydrolyzed ma- 
terials containing elevated concentrations of xylose has 
been previously described [14]. The optimum growth of P. 
acidipropionici was registered in anaerobic environment 
with an optimum temperature and pH around 30 °C and 
6.8, respectively, while S. cerevisiae has an optimum etha- 
nol production at 30 °C and pH 5.5 [15]. 
Thus, in this work the xylose consumption pathway of 
P. acidipropionici was analyzed and functionally 
expressed in an industrial S. cerevisiae strain along with 
the GroEL-GroES complex. The influence of the chaper- 
onins in a S. cerevisiae strain containing a functional XI 
from Orpinomyces sp. was also studied. Lastly, the un- 
certainties that surround heterologous expression of xy- 
lose isomerases in S. cerevisiae are discussed. 
 
Methods 
Strains	and	cultivation	conditions	
Microorganisms and plasmids used in this study are listed 
in Table 1. Escherichia coli strains, used for routine main- 
tenance and preparation of plasmids, were grown in Ly- 
sogeny Broth (LB) medium (10 g/L Tryptone, 5 g/L yeast 
extract, and 10 g/L NaCl, agar 15 g/L when necessary). 
Antibiotics were added when necessary. Saccharomy- 
ces cerevisiae strains were grown either in yeast nitro- 
gen base (YNB) medium (6.7 g/L Difco YNB without 
amino acids) or yeast extract  peptone  (YP)  medium 
(10 g/L yeast extract, 20 g/L bacto-peptone). Propioni- 
bacterium acidipropionici was grown in a synthetic 
medium (PA) as described in Parizzi et al. (2012). Ster- 
ile D-glucose or D-xylose was added separately in all 
media. E. coli strains were grown at 37 °C and agitated 
at 250 rpm when in liquid media. S. cerevisiae strains 
were grown at 30 °C and agitated at 200 rpm for aer- 
obic conditions and at 100 rpm for semi-anaerobic 
conditions. P. acidipropionici was grown under sta- 
tionary and semi-anaerobic conditions at 30 °C and in 
batch  fermentations  under  anaerobic  conditions   at 
30 °C, 150 rpm, and pH 6.8. Cell growth was analyzed 
by OD600 determination and samples were taken to 
determine sugars consumed and products formed. 
 
General	methods	
Genomic DNA from bacteria and yeast strains was ex- 
tracted with PCI [phenol/chloroform/isoamyl-alcoh
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Table 1 Strains and plasmid used in this work 
 
 
Strain Genotype (description) Reference 
 
Cloning	of	D-xylose	isomerase	and	GroEL-GroES	genes	for	
expression	in	S.	cerevisiae	
E.	coli	DH5α	 F– Φ80lacZΔM15	Δ(lacZYA-argF)	U169	recA1	
endA1	
hsdR17	(rK–,	mK+)	phoA	supE44	λ– thi-1	
gyrA96	relA1	
Invitrogen The oligonucleotides used in this study are listed in Table 
2. The XI gene from P. acidipropionici was amplified from 
genomic  DNA  using  XIO_F and  XIO_R.  Promoter and 
terminator regions of constitutive genes (TDH1, ADH1, 
P.	 ATCC4875 [45] 
acidipropionici	
JAY270 Industrial S.	cerevisiae	PE-2; MATa:MATα	 [46] 
LVYA1 JAY270; MATα; ura3Δ	 [40] 
BT LVYA1; pRS426 This  work 
BTXIPa LVYA1; pRSXIPa This  work 
BTXI2.0 LVYA1; pRSXI2.0 This  work 
and PGK1) were amplified from S. cerevisiae LVYA1 strain 
genomic DNA. Genes xylA, groEL, and groES were codon- 
optimized and synthesized by the company DNA2.0/ 
ATUM. All plasmids used in this work were constructed 
using Gibson assembly [17] and pRS426. GroEL-GroES 
expression cassette was constructed by Double-Joint PCR 
and was integrated 516 bp distant from the centromere of 
LVY27 LVYA1, CEN5::pTDH1-xylA-tTDH1; gre3Δ; 
CEN2::pADH1-XKS1-tADH1; CEN8::pADH1-XKS1-	
tADH1; CEN12::pTDH1-TAL1-tTDH1-pPGK1-RKI1-	
tPGK1; CEN13::pTDH1-TKL1-tTDH1-pPGK1-RPE1-	
tPGK1	
[40] chromosome five in S. cerevisiae genome through hom- 
ologous recombination. 
 
Enzyme	assays	and	protein	determination	
Enzymatic activity of xylose isomerase was determined 
LVY65 LVY27, xylAΔ, ura3Δ	 [40] 
BTY28 LVY65; pRS426 This  work 
BTY29 LVY65; pRSXIOrp This  work 
BTY30 LVY65; pRSXI2.0 This  work 
as described previously [18]. The method was adapted to 
microplate, and NADH consumption was quantified in 
spectrophotometer at 340 nm and 30 °C for 15 min. 
One enzyme unit is defined as the quantity necessary for 
BTY31 LVY65; CEN5::pPGK-GroEL-tPGK-URA3-pADH1-	
GroES-tADH1	
This work the conversion of 1 µmol of substrate per minute. 
BTY32 BTY31; pRS426 This  work 
BTY33 BTY31; pRSXIOrp This  work 
BTY34 BTY31; pRSXI2.0; This  work 
Plasmid 
Bioinformatics	tools	
The access number of amino  acid sequences  used  in  
the global alignment and phylogenetic tree construction 
are listed in Table S1 in Additional file 1. Global align- 
ments among amino acid sequences were carried out 
pRS426 ori(f1) - lacZ - T7 promoter - MCS (KpnI-SacI) 
- T3 promoter - lacI - ori(pMB1) - ampR - ori 
(2 μm) - ura3	
[47] using the software MAFFT v.7 [19], with the iterative re- 
finement methods using WSP and consistency scores (G- 
pRSXIPa pRS426; pTDH1-XIPa-tTDH	 This  work 
pRSXI2.0 pRS426; pTDH1-XI2.0-tTDH	 This  work 
pRSXIOrp pRS426; pTDH1-XIOrp-tTDH	 [40] 
 
 
 
 
 
(25:24:1)] as previously described [16]. DNA extraction 
from agarose gels and purification of PCR products were 
performed using Wizard SV Gel and PCR Clean   Up 
System (Promega). Polymerase chain reaction  (PCR) 
was performed with Phusion DNA polymerase (Thermo 
Fischer Scientific) for construction of the vec- tors, and 
with GoTaq polymerase (Promega) for diag- nostic 
purposes. Sanger sequencing was performed in a 3500 
Genetic Analyzer (Applied Biosystems) using “Big Dye 
Terminator v3.1 Cycle Sequencing Kit” (Applied 
Biosystems) according to the manufacturer’s instruc- 
tions. DNA was transformed into yeast cells using a 
standard lithium acetate method [16]. Total protein ex- 
traction from yeast strains was performed using Yeast 
Protein Extraction Reagent (Thermo Fischer Scientific) 
following the manufacturer’s instructions. 
INS-i), which implements a pipeline combining the WSP 
and the COFFEE-like score, to evaluate the consistency 
between a multiple alignment and pairwise alignments. 
The selection of amino acid substitution models was done 
using BIC criteria implemented in jModelTest2 [20], and 
the model that best fit the data was JTT. 
The phylogeny was reconstructed using Bayesian ana- 
lysis implemented on BEAST [21] with two independent 
rounds of “Metropolis-coupled Markov Chain Monte 
Carlo” (MCMCMC), in two cold chains and four hot, 
each analyzed by a million generations and sampled 
every 100 generations, which resulted in the conver- 
gence of the chains. 
XI sequences encoded by P. acidipropionici, Orpino- 
myces sp., and Piromyces sp. were used to find templates 
for sequence alignment through default BLASTp param- 
eters on the Protein Data bank (PDB). Crystal structures 
of XI from Bacillus stearothermophilus (PDBid:1A0D) 
were ranked as the best template for molecular modeling 
procedures based on sequence identity and query cover- 
age quality of the sequences. 
For homology modeling of the three-dimensional 
structures of XI, Modeller 9.16 software [22] was 
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Table 2 Oligonucleotides used in this work 
Oligonucleotide Sequence 
 
XIO_F 5’ATGGCTGATCTGTGGAACAT3’ 
XIO_R 5’TCAGGCCTGGGCCAGG3’ 
XIO_h_pTDH1_F 5’TTCACTAAATTTACACACAAAACAAAATGGCTGATCTGTGGAACAT3’ 
XIO_h_tTDH1_R 5’TCATTATCCTCATCAAGATTGCTTTATTCAGGCCTGGGCCAG3’ 
XIOrp_F 5’ATGACTAAAGAATATTTTCCAAC3’ 
XIOrp_R 5’TTATTGGTACATGGCAACA3’ 
XIOrp_h_pTDH1_F 5’TCACTAAATTTACACACAAAACAAAATGACTAAAGAATATTTTCCAAC3’ 
XIOrp_h_tTDH1_R 5’ATTATCCTCATCAAGATTGCTTTATTTATTGGTACATGGCAACA3’ 
XI2.0_F 5’ATGGCAGATCTCTGGAAT3’ 
XI2.0_R 5’TTATGCTTGGGCTAAGGC3’ 
XI2.0_h_pTDH1_F 5’TCACTAAATTTACACACAAAACAAAATGGCAGATCTCTGGAAT3’ 
XI2.0_h_tTDH1_R 5’ATTATCCTCATCAAGATTGCTTTATTTATGCTTGGGCTAAGGC3’ 
pTDH1_F 5’TGGTGGATCCATGGCTGATCTGTGGAACAT3’ 
pTDH1_R 5’TTTGTTTTGTGTGTAAATTTAG3’ 
pTDH1_h_pRS426_F 5’GATAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATCCAATGTATATGCTCATTTACAC3’ 
tTDH1_F 5’ATAAAGCAATCTTGATGAGG3’ 
tTDH1_R 5’CCTGGCCCAGGCCTGAAAGCTTGCGG3’ 
tTDH1_h_pRS426_R 5’TATTGCTGCCTTTGCAAGGATCCACTAGTTCTAGAGCGGCCGCCACCGCGGTGGAGCTCC3’ 
GroEL_h_pPGK_F 5’AAGGAAGTAATTATCTACTTTTTACAACAAATATAAAACAATGGCTGCTAAGGACGTTAA3’ 
GroEL_h_tPGK_R 5’AAAGAAAAAAATTGATCTATCGATTTCAATTCAATTCAATTTACATCATACCACCCATAC3’ 
GroES_h_pADH1_F 5’TCAAGCTATACCGAGCATACAATCAACTATCTCATATACAATGAACATCAGACCATTGCA3’ 
GroES_h_tADH1_R 5’CTTATTTAATAATAAAAATCATAAATCATAAGAAATTCGCTTAAGCTTCAACGATAGCCA3’ 
pPGK_F 5’TACTGTAATTGCTTTTAGTT3’ 
pPGK_R 5’TGTTTTATATTTGTTGTAAA3’ 
tPGK_F 5’ATTGAATTGAATTGAAATCG3’ 
tPGK_h_URA3_R 5’TGGACCATAACTTCGTATAATGTATGCTATACGAAGTTATAAGGCATTAAAAGAGGAGCG3’ 
pADH1_h_URA3_F 5’ATTTCTATAACTTCGTATAGCATACATTATACGAAGTTATTTCCGGGTGTACAATATGGA3’ 
pADH1_R 5’TGTATATGAGATAGTTGATTGTATG3’ 
tADH1_F 5’GCGAATTTCTTATGATTTAT3’ 
tADH1_R 5’TACAATTGGGTGAAATGGGG3’ 
URA3loxP_F 5’ATAACTTCGTATAGCATACA3’ 
URA3loxP_R 5’ATAACTTCGTATAATGTATG3’ 
URA3_GRE3Δ_F 5’ATATAGAAGCAAATAGTTGTCAGTGCAATCCTTCAAGACGATCACTATAGGGCGAATTGG3’ 
URA3_GRE3Δ_R 5’GTAAAAATTTATACACATATACAGCATCGGAATGAGGGAAATCTCAAGCTATGCATCCAA3’ 
Cen2_F 5’TTCAAACTAGGAGTTTGTTGA3’ 
Cen2_R 5’AAGCTTTCTATTAGTCATTCTTC3’ 
Check_Cen2_F 5’TGAGACGATTTAGAGTAAGGT3’ 
Check_Cen2_R 5’GGTGACGACGATATACAG3’ 
Check_ΔGRE3_F 5’AGCCACATGCGGAAGAAT3’ 
Check_ΔGRE3_R 5’AAGCGTGGATGACACCAC3’ 
 
utilized. This software automatically calculates  a 
model containing all non-hydrogen atoms and im- 
plements comparative protein structure modeling by 
satisfaction of spatial restraints. The protein structures 
where visualized and analyzed by the open-source 
software of molecular visualization  Pymol  1.8 
(PyMOL Molecular Graphics System, Version 1.8 
Schrödinger, LLC). 
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Analytical	methods	
Cell biomass was calculated by measuring the absorb- 
ance at 600 nm in a ULTROSPEC 2000 spectrophotom- 
eter UV/visible (Pharmacia Biotech) after appropriate 
dilution in water. Concentrations of extracellular metab- 
olites were determined by high-pressure liquid chroma- 
tography (HPLC) (Waters Alliance Chromatograph), 
using a refractive index detector (RID) and an ion exclu- 
sion column Aminex HPX-87H (Bio-Rad). Samples were 
filtered through a 0.2 µm filter (Millipore), eluted with     
5 mM sulfuric acid at 0.6 ml/min and 35 °C. 
 
Results 
Why	use	xylose	isomerase	from	Propionibacterium	
acidipropionici?	
The bacterium P. acidipropionici, as previously men- 
tioned, has physiological characteristics similar to S. cer- 
evisiae and is capable of growing in media containing 
mixtures of xylose and glucose as well as in hydrolyzed 
biomass [14]. The ability of P. acidipropionici to con- 
sume xylose was compared in this work to its glycerol 
consumption. Growth curves, carbon source consump- 
tion, and product  formation  during  batch  fermentation 
in 2% xylose and 2% glycerol are represented in Fig. 1. 
Glycerol is known to be the main carbon source utilized 
for propionic acid production by P. acidipropionici [23]. 
Compared to fermentations in glycerol, xylose promoted 
increased biomass production and substrate consump- 
tion. Therefore, the obtained results suggest that P. acid- 
ipropionici presents a xylose conversion pathway with an 
efficiency comparable to that of its glycerol consumption 
pathway. 
Four putative xylA related genes were identified 
(PACID_03490, PACID_34,060, PACID_34150, PACID 
_33980). The individual analysis of each gene indicated 
that only the sequence PACID_03490 had a significant 
similarity with other prokaryotic XI and, therefore, the 
study was conducted with this gene. Detailed informa- 
tion about the identified genes can be found in Fig. S1 in 
Additional file 1. 
 
Heterologous	expression	of	P.	acidipropionici	D-xylose	
isomerase	in	S.	cerevisiae	
P. acidipropionici is a bacterium with  high GC content 
in its genome. This characteristic hinders the heterol- 
ogous expression of proteins from this microorganism in 
Saccharomyces cerevisiae [24]. Therefore, codons were 
optimized by a third part to an adaptation index more 
suitable for heterologous expression of the protein in S. 
cerevisiae. Both original and optimized xylose isomerase 
genes were cloned into the high copy yeast expression 
vector pRS426 under control of the constitutive pro- 
moter TDH1 and transformed in the S. cerevisiae LVYA1 
strain, derived from the industrial PE-2, generating the 
 
BTXIPa and BTXI2.0 strains. No growth was detected 
for either strain after cultivation in aerobic conditions 
(data not shown). Moreover, no XI activity was detected 
in any of the strains, even though the RNA for the pro- 
tein was transcribed (Fig. S2 in Additional file 1). In 
addition, fermentation assays with media supplemented 
with bivalent cations, such as Mg2+, Mn2+, and Co2+, 
known as XI cofactors, were performed [25]. Still, no xy- 
lose consumption was detected after fermentation under 
aerobic conditions (data not shown). 
 
Co-expression	of	the	chaperonins	from	E.	coli	and	P.	
acidipropionici	D-xylose	isomerase	in	S.	cerevisiae	
Protein miss-folding is one of the many theories regarding 
the non-functionality of certain proteins when expressed 
in S. cerevisiae. A work recently developed by Xia et al. 
(2016) hypothesized that the difference between the chap- 
eronin complexes present in S. cerevisiae and E. coli was 
the limiting factor influencing the functional heterologous 
expression of the xylA gene in E. coli [13]. In addition, a 
previous work developed by Guadalupe-Medina et al. 
(2013) described a S. cerevisiae yeast strain containing a 
bacterial form-II Rubisco that was functional only when 
co-expressed with the GroEL-GroES chaperonin complex 
from E. coli [26]. These works presented consistent re- 
sults, showing that the chaperonin complex has a positive 
influence in heterologous expression of bacterial proteins 
in yeasts. Therefore, we performed the co-expression of 
xylA from P. acidipropionici and GroEL-GroES chaper- 
onin complex in S. cerevisiae. 
Codon-optimized GroEL-GroES genes from E. coli were 
stably integrated in the S. cerevisiae LVY65 strain, generat- 
ing the strain BTY31 (Table 1). The expression vector with 
the XI from P. acidipropionici (pRSXI2.0) was trans- 
formed in the strain LVY65 and BTY31, generating the 
strains BTY30 and BTY34, respectively (Table 1). For 
positive and negative controls, the vector containing the 
XI from Orpinomyces sp. (pRSXIOrp) and the empty vec- 
tor pRS426 were also transformed in both LVY65 and 
BTY31 strains, generating BTY28 (LVY65, pRS426), 
BTY29 (LVY65,  pRSXIOrp), BTY32 (BTY31, pRS426), 
and BTY33 (BTY31, pRSXIOrp) (Table 1). Aerobic and 
semi-anaerobic growth assays were performed. Semi- 
anaerobic condition was chosen to simulate an industrial 
environment, where fermentation occurs in large vessels 
and complete anaerobic conditions are hard to achieve. 
The obtained results revealed that the BTY34 strain con- 
taining xylA from P. acidipropionici and the chaperonins 
from E. coli was capable of consuming xylose (Fig. 2, a 
and b, respectively). In fact, BTY34, expressing GroEL- 
GroES and XI from P. acidipropionici, converted xylose 
into ethanol under semi-anaerobic conditions as efficiently 
as the BTY29 and BTY33 control strains that contained 
the  xylA gene from  Orpinomyces sp., which is one of the 
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best XI codifying genes described in literature along with 
the XI from Piromyces sp. [27]. The negative controls 
BTY28 (harboring only the empty vector) and BTY32 
(harboring the empty vector and GroEL/GroES) did not 
display xylose consumption in any of the evaluated condi- 
tions (data not shown for BTY28 and BTY32). No growth 
was detected for the strain carrying only xylA from P. 
acidipropionici, BTY30, in all conditions tested. Under 
aerobic conditions, as expected, low or no ethanol produc- 
tion was detected in the strains capable of consuming xy- 
lose: BTY29 (pRSXIOrp), BTY33 (Gro, pRSXIOrp), and 
BTY34 (Gro, pRSXI2.0). 
On the other hand, under semi-anaerobic conditions, 
BTY34 containing the XI from P. acidipropionici not only 
consumed xylose as well as the positive controls BTY29 
(pRSXIOrp) and BTY33 (Gro, pRSXIOrp), but also pro- 
duced ethanol with comparable efficiency. The ethanol 
yields observed for BTY34 (Gro, pRSXI2.0) and BTY33 
(Gro, pRSXIOrp) where very similar, with values of 0.441 
and 0.444 g ethanol/g sugars, respectively (Table 3), which 
are close to 86% of the theoretical yield (0.51 g ethanol/g 
sugars). This proves that the enzyme from P. acidipropio- 
nici in the presence of the chaperonins works as well as 
the enzyme from Orpinomyces sp. When expressed in S. 
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Fig. 2 Growth, xylose consumption, and product formation in the developed S.	cerevisiae	strains. [a]: Aerobic growth of strains BTY29, BTY30, 
BTY33, and BTY34. Fermentations were performed in erlenmeyer flasks at 30 °C and 200 rpm, YNB media without uracil containing xylose 2% as   
sole carbon source was used. [ ]: OD600; [♦]: xylose; [×]: ethanol; [*]: xylitol; [ ]: glycerol; [Δ]: acetic acid.  [b]: Semi-anaerobic  growth of BTY29, 
BTY30, BTY33, and BTY34. Fermentations were performed in SCHOTT flasks at 30 °C and 100 rpm in YNB without uracil media containing a mixture 
of glucose 0.5% and xylose 2% as carbon source. [ ]: OD600; [+]: glucose; [♦]: xylose; [×]: ethanol; [*]: xylitol; [•]: glycerol; [Δ]: acetic acid 
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Table 3 Product yield during semi-anaerobic fermentation and xylose isomerase activity performed in vitro with crude extract 
Strain Xylitol Yield 
(g xylitol/g sugars) 
Glycerol Yield 
(g glycerol/g sugars) 
Acetic Acid Yield 
(g acetic acid/g sugars) 
Ethanol Yield 
(g ethanol/g sugars) 
Activity (U/mL) 
BTY28 
(pRS426) 
0.000 0.000 0.000 0.161 ND 
BTY29 
(XIOrp) 
0.012 0.043 0.012 0.377 0.073 ± 0.011 
BTY30 
(XI2.0) 
0.005 0.013 0.001 0.198 0.023 ± 0.008 
BTY32 
(Gro; pRS426) 
0.011 0.016 0.000 0.205 ND 
BTY33 
(Gro;XIOrp) 
0.009 0.041 0.010 0.444 0.087 ± 0.006 
BTY34 
(Gro;XI2.0) 
0.014 0.053 0.007 0.441 0.095 ± 0.008 
 
cerevisiae and grown under semi-anaerobic conditions. 
Taking into account that pentose-phosphate pathway genes 
are overexpressed in the host strain LVY65 along with 
some other genetic modifications targeting the optimal 
conversion of C5-sugars into ethanol (Table 1) and the fact 
that the developed strains did not go through any type of 
evolution, the ethanol yield obtained in this work becomes 
more relevant. Evolutionary engineering experiments with 
BTY34 (Gro, pRSXI2.0), which aim to achieve higher etha- 
nol yield and productivity, are currently underway. 
Additionally, enzymatic assays were developed to com- 
pare XI activity in the developed strains. Results pre- 
sented in Table 3 corroborate with the fermentation  
profile obtained. Strains BTY29 (pRSXIOrp), BTY33 
(Gro, pRSXIOrp) and BTY34 (Gro, pRSXI2.0) presented 
an elevated enzymatic activity in comparison with  
BTY30 (pRSXI2.0). No activity was detected for BTY28 
(pRS426), BTY31 (Gro) or BTY32 (Gro, pRS426). 
 
Protein	modeling	of	xylose	isomerases	
It is well known that the GroEL-GroES complex inter- 
acts with proteins with sizes of 20 to 60 KDa through 
exposed hydrophobic residues [28]. In that context, the 
structure of XI proteins from P. acidipropionici, Orpino- 
myces sp., and Piromyces sp. were modeled in an attempt 
to elucidate the differences between the hydrophobic 
amino acids (Fig. 3). 
All modeled XI showed a tetrameric quaternary struc- 
ture with differences in the presence of hydrophobic 
amino acids on the surface. Interestingly, XI from P. acidi- 
propionici showed an elevated number of hydrophobic 
residues compared to those from Piromyces sp. and Orpi- 
nomyces sp. (Fig. 3b). Likewise, the monomeric structure 
from the bacterial XI has eleven more hydrophobic resi- 
dues than the other two analyzed proteins, and the distri- 
bution of residues is divergent (Fig. 3a and b). The “tail” 
area of the protein, where monomers connect for tetramer 
formation, displays a large number of visually notable 
differences in the  position  of  hydrophobic  residues (Fig. 
3c). The observed differences between the hydro- phobic 
residues corroborate the idea that the correct formation of 
XI from P. acidipropionici occurs due to chaperonin 
interaction. 
 
Discussion 
The prospection of new XI proteins for expression in S. 
cerevisiae is usually performed using several criteria, 
which range from random selection to metagenomics of 
environments rich in lignocellulose-degrading microor- 
ganisms [10, 29, 30]. The innumerous attempts of ex- 
pressing XI in yeasts are highlighted in Fig. 4. 
In some cases, new XIs are chosen considering the 
similarity with the Piromyces sp. protein, as this charac- 
teristic may provide higher chances of the prospected XI 
being functionally expressed in S. cerevisiae [31]. As 
shown in Fig. 4, the similarity between  proteins cannot 
be considered a rule. Not all the XIs described in the lit- 
erature and successfully expressed in S. cerevisiae have 
high similarity with the protein from Piromyces sp. For 
instance, the XIs from B. stearothermophylus, L. xylosus, 
and T. thermophylus that have 48%, 49%, and 27% of 
similarity with Piromyces sp., respectively, were function- 
ally expressed. 
Phylogenetic proximity of the xylA genes being pros- 
pected have also been considered for selecting this pro- 
tein [32]. The phylogenetic tree presented in Fig. 4 
compares the phylogenetic distance among most pub- 
lished XI proteins that have been expressed in S. cerevi- 
siae to date; notice that the functionality of the protein     
is not related to the phylogenetic distance between them. 
The XI proteins from Piromyces sp. and Orpinomyces sp. 
are the most studied ones, being known for their high 
activity when expressed in S. cerevisiae [5, 27]. Neverthe- 
less, several distantly related proteins can be functionally 
expressed in S. cerevisiae, e.g. the XI from Burkholderia 
cenocepacia, Thermus thermophylus, Ciona intestinalis, 
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Fig. 3 Modeled structures of XIs from P.	acidipropionici	(I), Piromyces	sp., (II), and Orpinomyces	sp. (III). [a]: XI monomeric structures, the 
hydrophobic residues are represented in  green  and  the  non-hydrophobic  regions  in  white.  [b]:  XI  tetrameric  structures with  hydrophobic  regions 
in white surface. [c]: representation of the XI tetrameric structure from P.	acidipropionici	emphasizing the presence of hydrophobic  amino acids    
(white surface in the right box) throughout the region connecting the monomers for the tetrameric structure formation 
 
 
Clostridium cellulovorans, while some closely related 
proteins have no function at all when introduced in the 
yeast, such as the XI from the fungus Gloeophyllum tra- 
beum, which presents 91% similarity with the XI from 
Piromyces sp. 
A total of 69 XI proteins from a range of sources have 
been expressed in S. cerevisiae. These include 55 proteins 
derived from bacteria, 5 from fungi, 2 from plants, 1 from a 
protozoa, 1 from a chordate species, 1 from an oomycete, 
and 4 from metagenomics data. Notably, approximately 
49% of these proteins were functionally expressed while the 
other 51% presented no activity in S. cerevisiae with no 
clear reason (Fig. 5). However, it is possible that a higher 
number of nonfunctional XIs have already been studied but 
the negative results were never published. 
Even though 51% of xylA genes are not functional 
when introduced in S. cerevisiae, not much effort has 
been put into understanding this issue. Some of the 
drawn hypotheses include the deficiency of enzymatic 
cofactors [6], differences in the internal pH of the 
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Fig.	4	(See legend on next page.) 
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parental cell and the host cell [6, 9] and the incorrect 
folding of the protein, which seems to be the most 
plausible explanation [13, 25]. However, none of these 
possible causes has been deeply studied. 
GroEL-GroES from E. coli is a well-known chaperonin 
complex. They constitute a system that can interact with 
approximately 250 proteins present in cytosol. The 
GroEL residue forms a structure similar to a barrel that 
wraps up proteins. GroES binds to the GroEL-protein 
complex in one end of the “barrel” forming a structure 
similar to a “lid”. GroES attachment is ATP dependent 
and essential for the system to operate [28,  33,  34]. 
Thus, even though this strategy sounds promising there 
are some concerns involving the overall performance of 
the cell because the chaperones will probably bind to 
several proteins on the cytosol, leading to an unneces- 
sary expenditure of ATP. 
In this work, a S. cerevisiae strain containing an in- 
active bacterial xylose isomerase that became functional 
when co-expressed with GroEL-GroES chaperonin com- 
plex from E. coli was developed. Results obtained cor- 
roborate with a recent study developed by Xia et al. 
(2016) where the functionality of XI from E. coli in S. 
cerevisiae was associated to the chaperonin  complex 
[13]. In addition, the  comparison between the modeled 
XI structures from Piromyces sp., Orpinomyces sp., and 
P. acidipropionici revealed a different pattern in the 
hydrophobic residues between the bacterial enzyme and 
the ones from fungi. Considering that the bacterial XI 
presented an elevated number of exposed hydrophobic 
residues, located mainly at the tetramer interface,  and  the 
fact that interaction between the GroEL-GroES com- plex 
and proteins is known to occur through exposed 
hydrophobic residues [28], it is possible to assume that 
the GroEL-GroES complex is directly involved in the 
correct folding of XI from P. acidipropionici. 
Moreover, the strains developed in  this  work  not only 
were capable of consuming xylose but also pro- duced 
ethanol with an elevated yield. The maximum theoretical 
yield of ethanol in yeasts is  considered  to  be 0.51 g 
ethanol/g sugar [35],and therefore the yields achieved 
here are approximately 86%  of  the  theoret- ical (0.44 g 
ethanol/g sugar). The best-known described C5 S. 
cerevisiae strains are  the  ones  carrying XI genes from 
Piromyces sp., Orpinomyces sp., and C. phytofermentans 
along with several genetic modifica- tions aiming to 
improve performance of the pentose- phosphate pathway 
[5, 27, 36]. 
Previous works have developed several strains contain- 
ing the mentioned XI, and ethanol yields achieved in the 
most promising ones were around 84% of the theoretical 
[37–39]. More recently a C5 strain was developed con- 
taining the Orpinomyces sp. XI and achieved an ethanol 
yield of 0.46 g ethanol/g sugar (90% of the theoretical) 
during anaerobic fermentation [40]. 
Recently, the importance of eukaryotic chaperonins was 
discussed in several works. Narayanan et al. (2016) dem- 
onstrated that ethanol stress resistance was associated to 
expression of the eukaryotic protein-folding machine 
CCT (chaperonin containing t-complex polypeptide) [41]. 
Also Hou et al., (2016) described a mutation that can 
cause an up-regulation in chaperone transcriptions in S. 
cerevisiae, leading to enhanced xylose isomerase activity 
[42]. In addition, a review recently published by Xia et al. 
(2016) discussed the potential advantages of co-expressing 
GroEL-GroES complex in yeasts, such as elevated toler- 
ance towards organic inhibitors and temperature changes 
[43]. Therefore, the fact that the chaperonin complex from 
E. coli is not protein specific can be considered an advan- 
tage, especially due to the fact that yeast chaperonins simi- 
lar to GroEL-GroES are not present in cytosol [44]. 
Additional research must still be developed to better 
understand the effect of GroEL-GroES chaperonin com- 
plex inside the S. cerevisiae. 
In summary, this work presented for the first time a S. 
cerevisiae strain co-expressing XI from P. acidipropionici 
and the GroEL-GroES chaperonin complex from E. coli. 
The develop strain BTY34 (Gro, pRSXI2.0) demon- 
strated an elevated potential for industrial fermentations 
processes due to its high ethanol yield when  compared to 
a strain containing one of the best XI described in 
literature. 
 
 
Conclusions 
Results in this work strongly  support  the  hypothesis that 
bacterial XI does not always  fold  correctly  inside the 
yeast. The bacterial xylA from P. acidipropionici, which 
was initially not functional in  S.  cerevisiae,  when co-
expressed with bacterial chaperonins worked with the 
same efficiency as one of the best  XI  de- scribed  in 
literature.  Further studies  are   required  for  a complete 
understanding of the requirements for functional 
expression of XI in S.  cerevisiae as  well as the 
dependence of some XIs on chaperonin-assisted- folding. 
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ABSTRACT	
Both	1G	and	2G	ethanol	production	processes	have	several	steps	and	conditions	that	can	
be	improved	in	order	to	reduce	production	costs.	In	this	scenario,	the	development	of	new	
strategies	aiming	 the	optimization	of	 such	process	 is	 crucial	 to	make	ethanol	economically	
viable,	especially	2G.	Fermentation	is	an	essential	step	during	ethanol	production,	therefore,	
its	 enhancement	 and	 optimization	 is	 indispensable.	 The	 presence	 of	 unwanted	
microorganisms	 during	 fermentation	 can	 lead	 to	 severe	 losses	 and	 in	 some	 cases	 to	
temporary	 closure	 of	 the	 ethanol	 plant.	 Among	 the	 most	 common	 contaminations	 in	 1G	
mills	the	presence	of	lactic	acid	bacteria	stands	out.	Up	to	the	date	not	much	is	known	about	
the	types	of	contaminants	present	in	2G-ethanol	mills.	Currently	the	main	strategy	adopted	
to	overcome	 this	problem	 is	 the	prophylactic	use	of	antibiotics.	Nevertheless,	 the	growing	
concern	related	to	selection	of	resistant	bacteria	strains	and	its	elevated	cost,	have	led	to	a	
search	 for	 alternative	 antimicrobial	 agents.	 In	 this	 context,	 proteins	 produced	 by	
bacteriophages,	known	as	endolysins,	are	potentials	substitutes	to	antibiotics	once	they	are	
capable	of	cleaving	the	peptidoglycan	of	bacteria	with	elevated	specificity.	Thus,	the	present	
work	 proposes	 to	 study	 the	 potential	 contaminants	 present	 in	 2G-ethanol	 mills	 and	 the	
construction	 of	 genetically	 modified	 yeasts	 capable	 of	 controlling	 bacterial	 growth	 in	
ethanolic	fermentations.		
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BACKGROUND	
In	 the	 beginning	 of	 the	 80’s	 the	 OPEC	 (Organization	 of	 the	 Petroleum	 Exporting	
Countries)	announced	the	reduction	in	oil	extraction,	this	episode	led	to	an	increase	in	fossil	
fuels	 price	 worldwide.	 Consequently,	 development	 of	 alternative	 fuels	 produced	 from	
renewable	 sources	was	 stimulated	 (Galbe	 and	 Zacchi,	 2002).	 In	 Brazil	 biofuels	 production	
gained	great	visibility	in	the	year	of	1975	when	the	National	Program	of	Ethanol	(Proálcool)	
was	established	by	the	government	with	the	intention	of	promoting	the	replacement	fossil	
fuels	by	bioethanol	produced	 from	sugarcane.	Bioethanol	promptly	conquered	 its	 space	 in	
the	 national	 market	 and	 the	 country	 became	 one	 of	 the	 biggest	 potencies	 in	 biofuels	
production	field	(Goldemberg,	2007).		
Bioethanol	produced	from	sugarcane	broth,	composed	mainly	by	hexoses,	is	fermented	
by	 the	 yeast	 Saccharomyces	 cerevisiae	 and	 is	 known	 as	 first	 generation	 ethanol	 (1G).	 The	
production	process	of	1G	ethanol	 is	well	know	and	most	of	 its	residues	are	converted	 into	
products,	the	vinasse	for	instance	is	used	as	fertilizer	and	the	bagasse	is	convert	into	energy	
through	 combustion.	 Still	 there	 are	 some	 residues	 that	 remain	 underutilized	 such	 as	 the	
sugarcane	straw	(Alonso	Pippo	et	al.,	2011).	
For	 years	 researchers	 all	 over	 the	 world	 have	 been	 studying	 the	 development	 of	 an	
economically	viable	process	to	convert	lignocellulosic	material	into	bioethanol,	in	Brazil	most	
of	the	studies	have	been	focusing	in	the	conversion	of	the	sugarcane	straw	into	ethanol	once	
the	use	of	this	biomass	would	increase	in	almost	50%	the	ethanol	production	in	the	country	
using	 the	 same	 amount	 of	 sugarcane.	 The	 production	 of	 2G	 bioethanol	 involves	 a	 more	
complex	process	 than	1G	and	can	be	divided	 in	 four	steps.	On	the	 first	step	 lignocellulosic	
material	 goes	 through	 a	 pre-treatment	 in	 which	 the	 plant	 cell	 wall	 is	 disrupted	 releasing	
cellulose,	 hemicellulose	 and	 lignin.	 Then	 this	 pre-treated	 material	 will	 pass	 through	 an	
enzymatic	 hydrolysis	 where	 cellulases	 and	 hemicellulases	 will	 operate	 cleaving	 sugar	
polymers	 into	 monomers.	 During	 the	 third	 stage	 of	 the	 process	 sugars	 released	 will	 be	
fermented	by	genetic	modified	yeasts	into	ethanol.	Finally,	ethanol	produced	will	be	distilled	
and	destined	to	commercialization	(Laluce	et	al.	2012;	Viikari	et	al.	2012).		
Due	to	the	nature	of	the	process	and	great	volume	of	substrate,	aseptic	conditions	can	
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be	 hard	 to	 achieve	 during	 1G	 and	 2G	 ethanol	 production.	 Therefore	 it	 is	 common	 that	
industrial	 fermentations	 occur	 in	 the	 presence	 of	 contaminants.	 However,	 unwanted	
microorganisms	 can	 lead	 to	 serious	 damages	 once	 they	 compete	 for	 carbon	 sources,	
micronutrients	 and	 produce	 bioproducts	 that	 interfere	 in	 yeast	 cell	 growth,	 leading	 to	 an	
elongation	of	 the	 lag	phase,	 flocculation	events	 and	 consequent	decrease	of	 ethanol	 yield	
(Basso	et	al.,	2014;	Beckner	et	al.,	2011;	Muthaiyan	et	al.,	2011;	Roach	et	al.,	2013).	
In	 some	 cases	 contaminants	 grow	 in	 rates	 that	 are	 hard	 to	 control	 and	 can	 cause	 a	
phenomenon	 known	 as	 stuck	 fermentations	 where	 they	 are	 so	 abundant	 that	 the	 only	
solution	is	to	shut	down	the	system	and	perform	a	complet	sterilization	of	the	equipments	
(Basso	et	al.,	2014;	Muthaiyan	et	al.,	2011).		
A	large	number	of	bacteria	and	wild	yeasts	are	associated	with	contaminations	during	1G	
fermentative	processes.	However,	bacterial	contamination	 is	currently	the	most	prominent	
and	 concerning	 one	 (Muthaiyan	 et	 al.,	 2011).	 The	 great	 majority	 of	 studies	 indicate	 that	
lactic	acid	bacteria	 (LAB)	are	the	main	contaminants	 in	ethanol	production	mills,	especially	
the	 ones	 from	 the	 genera	 Lactobacillus,	 Bacillus,	 Pediococcus,	 Leuconostoc	 and	Weisella,	
wherein	historically	the	most	troubling	ones	are	the	bacteria	belonging	to	the	Lactobacillus	
genera	(G-Alegría	et	al.,	2004;	Gallo,	1989;	Gold	et	al.,	1992).	A	study	developed	by	Lucena	et	
al.,	2010	at	the	Northeast	region	of	Brazil	pointed	out	that	L.	fermentum	and	L.	vini	are	the	
most	abundant	bacteria	present	on	ethanol	mills	in	that	region.	In	addition,	(Carvalho-Netto	
et	 al.,	 2015)	 identified	 L.	 fermentum	 as	 the	 main	 specie	 causing	 co-aggregations	 and	
therefore	flocculation	in	ethanolic	fermentations	in	mills	located	in	São	Paulo	state.		
The	ability	of	lactic	acid	bacteria	(LAB)	to	resist	to	high	ethanol	concentrations,	low	pHs	
and	oxygen	concentrations	allows	 its	establishment	and	growth	 in	 industrial	 fermentations	
(Beckner	et	al.,	2011;	Gombert	and	van	Maris,	2015).	LABs	can	be	divided	in	two	subgroups	
according	to	the	metabolic	pathway	used	in	the	consumption	of	the	carbon	sources:	homo	
and	heterofermentatives	(Kandler,	1983).	Recently,	it	was	pointed	out	that	the	presence	of	
heterofermentative	bacteria	such	as	L.	fermentum	exhibit	a	greater	risk	to	the	stability	of	the	
fermentation	process	due	to	its	success	in	competing	with	the	yeasts	for	the	carbon	sources	
available	and	elevated	stress	resistance	(Basso	et	al.,	2014).	
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Traditionally,	 the	 prophylactic	 use	 of	 antibiotics	 is	 the	 main	 strategy	 adopted	 by	 mill	
owners	to	control	contamination	(Muthaiyan	et	al.,	2011).	However	this	practice	has	some	
disadvantages	such	as	the	selection	of	bacteria	resistant	to	antibiotics,	followed	by	worries	
about	 the	 permanency	 of	 this	 substance	 in	 the	 distillers	 and	 co-products	 after	 the	
fermentation.	Bacteria	resistance	to	antibiotics	is	a	major	concern	worldwide	and	the	pursuit	
for	 alternative	 antimicrobial	 compounds	 is	 a	 great	 focus	 of	 attention	 in	 the	 recent	 years	
(Bragg	et	al.,	2014;	Roach	et	al.,	2013).	
There	 are	 some	 ground	 rules	 that	 define	 a	 series	 of	 characteristics	 that	 alternative	
antimicrobial	agents	should	present	for	application	in	ethanol	mills,	such	as:	{1}	low	toxicity	
towards	the	yeasts	used	in	the	process;	{2}	antimicrobial	activity	against	the	majority	of	the	
contaminants;	 {3}	 non-susceptibility	 to	 the	 development	 of	 bacterial	 resistance;	 {4}	
economical	 viability;	 {5}	 easy	 handling	 and	 administration;	 {6}	 environmentally	 safe,	 not	
presenting	toxicity	toward	plants	and	animals	(Muthaiyan	et	al.,	2011).		
A	 potential	 and	 promising	 strategy	 to	 replace	 antibiotics	 is	 the	 use	 of	 proteins	 with	
antimicrobial	 activity,	 also	 called	 enzybiotics.	 Among	 these	 proteins	 are	 the	 endolysins,	
peptidoglycan	 hydrolases	 produced	 by	 bacteriophages.	 Endolysin	 applications	 are	 highly	
studied	mostly	due	to	a	rising	interest	by	pharmaceutical	industries	(Bragg	et	al.,	2014).		
Bacteriophages	that	originate	endolysins	are	a	group	of	viruses	that	attacks	exclusively	
bacteria.	 They	 can	 present	 single	 stranded	 DNA	 (ssDNA),	 double	 stranded	 DNA	 (dsDNA),	
single	stranded	RNA	(ssRNA)	or	double	stranded	RNA	(dsRNA),	and	are	classified	accordingly	
with	its	life	cycle	that	can	be	either	lysogenic	or	lytic.	The	lytic	cycle	is	characterized	by	the	
immediate	 lysis	 of	 the	 cell	 right	 after	 the	 infection	by	 the	 virus;	 in	 the	other	 hand,	 in	 the	
lysogenic	cycle	the	viral	genome	introduced	in	the	bacteria	is	either	integrated	to	its	DNA	or	
established	 as	 a	 plasmid	 until	 the	 host	 cell	 demonstrate	 some	 stresses	 signs	 and	 trigger	
activation	of	endogenous	phages	(Loessner,	2005).	
Double-stranded	 DNA	 bacteriophages	 with	 a	 lytic	 life	 cycle	 produce	 two	 proteins	
responsible	for	the	host	cell	lysis:	holins	and	endolysins.	The	holins	insert	themselves	in	the	
plasmatic	membrane	 of	 the	 bacteria	 creating	 pores	 through	which	 the	 endolysins	will	 act	
cleaving	the	peptidoglycan	(Figure	1).	Therefore,	endolysin	is	a	general	term	used	to	describe	
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a	range	of	peptidoglycan	hydrolases	codified	by	virulent	dsDNA	bacteriophages.	This	class	of	
enzymes	 is	 also	 known	 as	 phage	 lysozymes,	 lysins	 or	muralytic	 enzymes	 (Loessner,	 2005).	
Even	 though	 endolysins	 cleave	 the	 cell	 wall	 from	 inside-out	 they	 can	 work	 equally	 well	
cleaving	the	peptidoglycan	from	the	outside-in	 in	gram-positive	bacteria	due	to	the	 lack	of	
an	external	membrane	(Loessner,	2005;	Tiwari	et	al.,	2014).		
	
	
Figure	1:	 	The	role	of	holins	and	endolysins	 in	 the	cleavage	of	 the	cell	wall	of	gram-negative	and	
gram-positive	 bacteria.	 Gram-positive	 bacteria	 present	 a	 peptidoglycan	 layer	 wider	 than	 gram-
negative	 bacteria	which	 has	 an	 outer	membrane	 that	 difficult	 the	 endolysins	 action.	 The	 union	 of	
various	holins	forms	pores	through	which	the	endolysins	act.	
	
A	great	deal	of	the	endolysins	known	exhibit	two	domains	in	its	structure,	a	N-terminal	
domain,	 also	 known	 as	 enzymatically	 active	 domain	 (EAD),	 and	 a	 C-terminal	 or	 cell-wall	
binding	 domain	 (CBD).	 EAD	 catalyzes	 the	 peptidoglycan	 hydrolysis	 while	 CBD	 adheres	 to	
specific	 regions	of	 the	cell	wall	maintaining	 itself	connected	to	the	 fragments	until	 the	cell	
lysis.	Thus,	CBD	plays	a	role	determining	the	binding	site	of	the	enzyme	and	consequently	its	
specificity	(Deutsch	et	al.,	2004;	Schmelcher	et	al.,	2012;	Tiwari	et	al.,	2014).		
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Endolysins	can	be	classified	 in	 five	different	groups	according	to	the	kind	of	cleavage	
the	 catalytic	 site	 (EAD)	 performs:	 {1}	 Endo-β-N-acetylglucosaminidase,	 composed	 by	
enzymes	 that	 cleave	 NAGs	 (N-acetylglucosamine);	 {2}	 N-acetylmuramidase,	 composed	 by	
enzymes	 that	 cleave	 NAMs	 (N-acetylmuramic	 acid);	 {3}	 Endopeptidases,	 composed	 by	
enzymes	 that	cleave	any	of	 the	peptidic	bonds	between	the	amino	acids	 forming	bacterial	
cell	wall;	 {4}	N-acetylmuramoil-L-alanine	amidase	or	amidase	 lysins,	composed	by	enzymes	
that	hydrolyze	 the	amide	between	 the	 sugar	and	 the	amino	acids	 in	 the	cell	wall;	 {5}	 γ-D-
glutaminyl-L-lysine	endopeptidase,	 composed	by	enzymes	 that	 cleave	 the	γ	bond	between	
the	D-glutamine	and	L-lysine	residues	(Figure	2)	(Schmelcher	et	al.,	2012).	
	
	
Figure	2:	 The	 five	groups	of	endolysins	and	 its	 cleaving	 site.	Simplified	structure	of	a	gram-
positive	bacteria	indicating	the	cleaving	sites	of	the	five	different	groups	of	endolysins.	[1]	Endo-β-N-
acetylglucosaminidase:	 cleave	 NAGs;	 [2]	 N-acetylmuramidase:	 cleave	 NAMs;	 [3]	 Endopeptidases:	
cleave	 any	 of	 the	 peptidic	 bonds	 between	 the	 amino	 acids	 forming	 bacterial	 cell	 wall;	 [4]	 N-
acetylmuramoil-L-alanine	amidase	or	amidase	lysins:	hydrolyze	the	amide	between	the	sugar	and	the	
amino	acids;	[5]	γ-D-glutaminyl-L-lysine	endopeptidase:	cleave	the	γ	bond	between	the	D-glutamine	
and	L-lysine	residues.	
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Contamination	control	using	endolysins	in	ethanolic	fermentations	was	already	proved	
efficient	at	a	laboratory	level	by	Roach	and	collaborators	(2014).	In	addition,	a	recent	work	
described	 a	 methodology	 that	 consists	 in	 the	 use	 of	 live	 bacteriophages	 to	 control	
Lactobacillus	 populations	 in	 ethanolic	 fermentations	 (Worley-morse	 et	 al.,	 2015).	 These	
works	corroborate	with	the	idea	that	endolysins	can	be	potential	substitutes	for	traditional	
antibiotic	use	in	ethanolic	fermentations.	Furthermore,	these	proteins	could	easily	adequate	
to	 the	 previously	mentioned	 rules	 that	 an	 alternative	 antibiotic	 should	 present:	 have	 low	
toxicity,	attack	the	majority	of	contaminants	and	avoid	development	of	bacterial	resistance,	
be	 economically	 viable	 and	 environmentally	 safe.	 Since	 they	 bond	 to	 specific	 sites	 on	 the	
bacterial	 peptidoglycan	 they	 have	 no	 action	 against	 yeast	 cells.	 Also,	 they	 are	 natural	
compounds	 that	 due	 to	 its	 substrate	 specificity	 difficult	 the	 development	 of	 bacterial	
resistance.	 In	 addition	 they	 can	 be	 easily	 degraded	 when	 submitted	 to	 elevated	
temperatures	 diminishing	 the	 risks	 of	 any	 environmental	 damage.	 Moreover,	 if	 these	
proteins	could	be	expressed	and	secreted	by	the	yeasts	the	cost	for	contaminations	control	
in	 the	mills	would	 lower	considerably.	 In	 this	context,	 it	becomes	clear	 that	 these	proteins	
can	be	considered	an	interesting	and	feasible	alternative	to	antibiotics	usage	in	ethanol	mills.	
Therefore,	 the	 present	 work	 approaches	 a	 highly	 relevant	 topic	 both	 academically	 and	
economically,	 once	 it	 proposes	 the	 development	 of	 a	 low	 cost,	 more	 efficient	 and	
environmentally	friendly	antibacterial	treatment	for	bioethanol	mills.		
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GOAL	
Development	 of	 an	 industrial	 S.	 cerevisiae	 strain	 capable	 of	 suppress	 bacterial	
contaminants	in	industrial	fermentations,	focusing	on	Brazilian	1G	ethanol	mills.	In	addition,	
explore	the	main	contaminants	in	Brazilian	2G-ethanol	mills.	
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METHODS	
Strains	and	cultivation	conditions	
	 Microorganisms	and	plasmids	used	in	this	study	are	listed	in	Table	1.	Escherichia	coli	
strains,	used	for	routine	maintenance	and	preparation	of	plasmids,	were	grown	in	Lysogeny	
Broth	(LB)	medium	(10	g/L	Tryptone,	5	g/L	yeast	extract,	and	10	g/L	NaCl,	agar	15	g/L	when	
necessary).	Antibiotics	were	added	when	necessary.	Saccharomyces	cerevisiae	strains	were	
grown	either	in	yeast	nitrogen	base	(YNB)	medium	(6.7	g/L	Difco	YNB	without	amino	acids)	
or	yeast	extract	peptone	 (YP)	medium	 (10	g/L	yeast	extract,	20	g/L	bacto-peptone).	Pichia	
pastoris	strains	were	grown	in	yeast	extract	peptone	(YP)	medium	(10	g/L	yeast	extract,	20	
g/L	bacto-peptone).	Sterile	D-glucose	or	D-xylose	was	added	separately	 in	all	media.	E.	coli	
strains	 were	 grown	 at	 37	 °C	 and	 agitated	 at	 250	 rpm	when	 in	 liquid	media.	 S.	 cerevisiae	
strains	were	grown	at	30	°C	and	agitated	at	200	rpm	for	aerobic	conditions	and	at	100	rpm	
for	 semi-anaerobic	 conditions.	P.	 pastoris	was	 grown	at	 30°C	 and	 agitated	 at	 250	 rpm	 for	
aerobic	conditions.	Cell	growth	was	analyzed	by	OD600	determination.	
Cassette	construction	
Nucleotidic	and	aminoacid	sequences	were	obtained	from	the	NCBI	database	(National	
Center	for	Biotechnology	Information).	An	analysis	of	the	gene’s	codon	composition	against	
the	codon	usage	of	S.	cerevisiae	was	performed	with	 the	online	software	GCUA	(Graphical	
Codon	 Usage	 Analyzer	 -	 http://gcua.schoedl.de)	 and	 GenScript	 Codon	 Usage	 Frequency	
Table	 Tool	 (http://www.genscript.com/cgi-bin/tools/codon_freq_table).	 Sequences	 that	
presented	 a	 codon	 composition	 significantly	 different	 from	 the	 yeast	 codon	 usage	 were	
optimized.	Gene	optimization	and	synthesis	was	performed	by	Genewiz.	
After	 endolysin	 selection	 and	 gene	 synthesis	 the	 expression	 cassette	 was	 constructed.	
Fragments	 used	 in	 the	 construction	 were	 amplified	 through	 PCR	 (Polymerase	 Chain	
Reaction),	using	high	fidelity	polymerases.	Primers	were	designed	with	homology	regions	of	
approximately	 40bp	 to	 the	 subsequent	 fragment.	 Oligonucleotides	 used	 in	 this	 work	 are	
listed	in	Table	2.	Cassette	assemble	was	performed	through	either	the	Double	Join	PCR	(Yu	
et	al.,	2004).	Cloning	of	genes	and	cassettes	in	the	expression	vectors	were	performed	using	
either	Gibson	assembly	(Gibson	et	al.,	2009)	or	the	methodology	described	by	(Shao	et	al.,	
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2009)	where	 all	 the	 fragments	 are	 directly	 transformed	 in	 the	 yeast	 and	 the	 construction	
occurs	in	vivo	via	homologous	recombination.	All	the	constructions	were	sequenced	to	check	
for	mutations.	Sequencing	was	performed	by	Sanger	technology,	in	a	3500	Genetic	Analyzer	
(Applied	Biosystems)	sequencer.	
	
Table	1:	Microorganisms	and	plasmids	used	in	this	work	
Strain	 Genotype	(description)	 Reference	
E.	coli		DH5α	 F–	 Φ80lacZΔM15	 Δ(lacZYA-argF)	
U169	recA1	endA1	hsdR17	 (rK–,	
mK+)	phoA	supE44	λ–	thi-1	gyrA96	relA1	
Invitrogen	
LVYA1	 S.	cerevisiae	PE-2;	JAY270;	MATα;	ura3Δ	 (Santos	et	al.,	2016)	
BT	 LVYA1;	pRS426	 This	work	
BTYλ1	 LVYA1;	pRS426;	pADH1-αFactor-	λSa2-tCPS1	 This	work	
LVY34.4	 MATα;	 pOXylATy1	 +	 adaptive	 evolution	 and	
selection	
(Santos	et	al.,	2016)	
LVY34.5	 MATα;	 pOXylATy1	 +	 adaptive	 evolution	 and	
selection;	ura3Δ	
This	work	
BTY31.1	 BTY34.5;CEN6::pPGK-GroEL-tPGK-pADH1-
GroES-tADH1-Kan_loxp;ura	Δ	
This	work	
PX33	 Pichia	pastoris;	wild	type	 Invitrogen	
Plasmid	 	 	
pRS426	 ori(f1)-lacZ-T7pr-MCS(KpnI-SacI)-T3pr-lacI-
ori(pMB1)-ampR-ori(2micron)-ura3	
(Christianson	et	al.,	1992)	
pRSGroELS	 pRS426;	 pPGK-GroEL-tPGK-pADH1-GroES-
tADH1-Kan_loxp	
This	work	
pRSλ1	 pRS426;	pADH1-αFactor-	λSa2-tCPS1	 This	work	
pPICλSa2	 pPICZαC+λSa2	 This	work	
pPICLysA	 pPICZαA+LysA	 This	work	
pPICLysA2	 pPICZαA+LysA2	 This	work	
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Table	2:	Oligonucleotides	used	in	this	work.	
Oligonuceotide	 Sequence	
pADH_hpRS_F	 5’ATATCGAATTCCTGCAGCCCGGGGGATCCATTCCGGGTGTACAATATGGA3’	
pADH_h_R	 5’CTGCGAATAAAACAGCAGTAAAAATTGAAGGAAATCTCATTGTATATGAGATAGTTGATTGTATGC3’	
αFactor_F	 5’ATGAGATTTCCTTCAATTTTTACTG3’	
αFactor_R	 5’AGCTTCAGCCTCTCTTTTCT3’	
λSa2_h_ATG_F	 5’AGAAGAAGGGGTATCTCTCGAGAAAAGAGAGGCTGAAGCTATGGAAATTAATACTGAAATTGCA3’	
λSa2_h_R	 5’AATTAAAAAAAAAAAATCTTTGACTATTCAATCATTGCGCTTAAACTGGCTTTTTAGTCA3’	
λSa2_Tag_h_R	 5’TAAAAAAAAAAAATCTTTGACTATTCAATCATTGCGCAGCGTAATCTGGAACATCGTATGGGTATTAAACTGGCTTTTTAGTCA3’	
tCPS1_F	 5’GCGCAATGATTGAATAGTCA3’	
tCPS1_h_R	 5’AGCTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAACTAGATTTGACACTTGATTTGACAC3’	
pRs426_SpeI_F	 5’CTAGTTCTAGAGCGGCCGCCACCG3’	
pRS426_SpeI_R	 5’TGGATCCCCCGGGCTGCAGG3’	
LSa2TaghtADH_R	 5’AATCATAAGAAATTCGCTGATCAAGCGTAATCTGGAACATCGTATGGGTATTAAACTGGCTTTTTAGTCA3’	
tADHTaghLSa2_F	 5’AGTTTAATACCCATACGATGTTCCAGATTACGCTTGATCAGCGAATTTCTTATGATTTAT3’	
tADH1_hpRS_R	 5’AGCTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAACTAGTACAATTGGGTGAAATGGGG3’	
LSa2_meio_check	 5’AGCCCACGGAAACCAA3’	
LSa2_F_hpPIC_EcoRI	 5’AGGGGTATCTCTCGAGAAGAGAGAGGCTGAAGCATCGATGATGGAAATCAACACTGAAAT3’	
LSa2_R_hpPIC_XbaI	 5’CGCTATTCAGATCCTCTTCTGAGATGAGTTTTTGTTCTAGAACTGGCTTTTTAGTCAGTT3’	
pPIC_seq_F	 5’ACTTTTAACGACAACTTGAGAAGATC3’	
pPIC_seq_R	 5’TGAGGAACAGTCATGTCTAAGG3’	
	
General	methods		
Genomic	 DNA	 from	 bacteria	 and	 yeast	 strains	 was	 extracted	 with	 PCI	
[phenol/chloroform/isoamyl-alcohol	(25:24:1)]	as	previously	described	(Ausubel	et	al.,	2003).	
DNA	extraction	 from	agarose	 gels	 and	purification	 of	 PCR	products	were	 performed	using	
Wizard	 SV	Gel	 and	PCR	Clean	Up	System	 (Promega).	 Polymerase	 chain	 reaction	 (PCR)	was	
performed	with	Phusion	DNA	polymerase	(Thermo	Fischer	Scientific)	for	construction	of	the	
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vectors,	and	with	GoTaq	polymerase	(Promega)	for	diagnostic	purposes.	Sanger	sequencing	
was	performed	in	a	3500	Genetic	Analyzer	(Applied	Biosystems)	using	“Big	Dye	Terminator	
v3.1	 Cycle	 Sequencing	 Kit”	 (Applied	 Biosystems)	 according	 to	 the	 manufacturer’s	
instructions.		
DNA	was	transformed	into	S.	cerevisiae	cells	using	a	standard	lithium	acetate	method	
(Ausubel	 et	 al.,	 2003).	 Cell	 transformation	 in	 P.	 pastoris	 was	 carried	 out	 following	 the	
manufacturer’s	 instructions	 (Invitrogen’s	 Easy	 Select	 Pichia	 Expression	 Kit).	 Total	 protein	
extraction	from	yeast	strains	was	performed	using	Yeast	Protein	Extraction	Reagent	(Thermo	
Fischer	Scientific)	following	the	manufacturer’s	instructions.		
S.	cerevisiae	transformation	was	verified	trough	growth	in	minimal	media	without	the	
supplementation	 of	 uracil,	 used	 as	 selection	mark.	P.	 pastoris	 transformation	was	 verified	
through	 growth	 in	 media	 containing	 100ug/mL	 of	 Zeocin.	 Plasmidial	 DNA	 from	 positive	
transformants	was	extracted	and	the	presence	of	the	endolysin	gene	was	confirmed	by	PCR.	
Western	 blotting	 assays	 were	 performed	 as	 according	 to	 the	 manufacturer	
instructions	(General	Protocol	for	Western	Blotting	–	Bio-Rad).	
Bacterial	isolation	and	identification	
Bacteria	from	pretreated	sugarcane	straw	originated	from	steam	explosion	and	kindly	
provided	by	BioCelere	were	isolated.	For	isolation	the	bacteria	was	grown	in	minimal	media	
M9,	MRS	broth	and	sugarcane	syrup	supplemented	with	the	pretreated	sugarcane.	Isolation	
was	 carried	 in	 liquid	media	 for	 24h	 at	 37°C	 under	 aerobic	 (agitation;	 250	 rpm)	 and	 semi-
anaerobic	 conditions	 (100mL	Schott	 flasks	with	80mL	of	 liquid	media	under	 low	agitation;	
100	 rpm).	 Also	 solid	 media	 was	 used	 for	 isolation	 for	 24h	 at	 37°C	 under	 aerobic	 and	
anaerobic	(anaerobic	chamber	for	petri	dish	plates)	conditions.	Isolated	colonies	of	bacterial	
isolates	had	its	DNA	extracted	and	the	16S	region	amplified	using	specific	primers	designed	
to	 amplify	 an	 amplicon	 of	 approximately	 1.500bp.	 The	 amplified	 16S	 regions	 were	
sequenced	in	3500	Genetic	Analyzer	sequencer	(Applied	Biosystems).		
Bacterial	DNA	was	also	collected	from	industrial	samples	of	a	2G	fermentation	kindly	
donated	by	BioFlex	mill	 (Alagoas,	Brazil).	Global	DNA	was	extracted	using	MoBio	PowerSoil	
DNA	 Isolation	Kit	 and	 send	 to	16S	 sequencing.	 In	 addition	 five	bacteria	 isolated	at	BioFlex	
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mill	(Alagoas,	Brazil)	during	a	2G	fermentation	process	were	provided	for	DNA	extraction	and	
16S	sequencing.	
Contamination	control	phenotypic	assays	
	 Preliminary	 assays	 were	 performed	 in	 agar	MRS	 and	 agar	 YNB	URA(-)	 media.	 The	
developed	 strain	 BTYλ1	 harboring	 λSa2	 gene	 (Table1)	was	 inoculated	 in	 liquid	 YNB	media	
and	 incubated	 overnight	 until	 the	 middle	 of	 the	 exponential	 phase.	 Simultaneously	 L.	
fermentum	and	L.	plantarum	were	inoculated	separately	in	liquid	MRS	media	and	incubated	
overnight	until	 it	 reached	 the	 stationary	phase.	L.	 fermentum	 and	L.	plantarum	were	 then	
plated	in	solid	MRS	and	YPD	in	different	concentrations	(1mL	of	saturated	media	–	bacteria	
grown	until	 the	 stationary	 phase;	 10xdilution;	 100x	 dilution;	 1000xdilution).	Next,	 20uL	 of	
BTYλ1	collected	after	growth	until	 the	middle	of	 the	exponential	phase	was	applied	 in	 the	
center	 of	 each	 plate;	 the	 strain	 harboring	 only	 pRS426	 was	 used	 as	 a	 negative	 control.	
Simultaneously	 four	 other	 plates	 were	 prepared	 for	 each	 bacterium.	 The	 supernatant	 of	
BTYλ1	and	BT	inoculum	was	filtrated	to	remove	any	solid	residues	and	20uL	of	the	filtrated	
material	was	applied	in	the	plates	containing	both	bacteria	in	different	concentrations.	The	
remaining	supernatant	was	concentrated	3x	in	Vivospin	turbo	30	MWCO	columns	and	20uL	
of	 the	 concentrated	 material	 was	 applied	 in	 plates	 containing	 the	 bacteria	 as	 previously	
described.	 Cells	 separated	 from	 the	 supernatant	 were	 harvest	 and	 20uL	 of	 intra-cellular	
content	was	also	applied	in	the	plates.	This	intra-cellular	material	was	also	concentrated	and	
applied	 in	 the	 bacterium	 containing	 plates.	 All	 the	 plates	were	made	 in	 duplicate,	 half	 of	
them	were	incubated	at	30°C	in	an	anaerobiose	chamber	and	the	other	half	was	incubated	
at	30°C	under	aerobic	conditions.	
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RESULTS	AND	DISCUSSION	
Bacterial	isolation	and	identification	
Microbial	 contamination	 in	 1G-ethanol	 is	 well	 known	 and	 widely	 described	 (Brexó	
and	 Ana,	 2017;	 Gallo,	 1989;	 Lopes	 et	 al.,	 2016).	 As	 previously	mentioned	 the	majority	 of	
bacterial	contaminants	detected	during	bioethanol	production	from	sugarcane	 in	Brazil	are	
gram-positive	lactic	acid	bacteria	(LAB).	Second-generation	ethanol	production	is	a	growing	
technology	and	to	the	date	only	a	few	industrial	plants	are	operating	worldwide	(Santos	et	
al.,	 2016).	 Thus,	 there	 is	 a	 lack	 of	 information	 regarding	 microbial	 contamination	 in	 2G	
ethanol	 mills.	 In	 this	 context	 assays	 to	 isolate	 and	 identify	 possible	 contaminants	 of	 2G	
ethanol	 mills	 were	 developed	 in	 this	 work.	 Different	 bacterial	 species	 present	 in	 a	 pre-
treated	sugarcane	straw	and	a	 fermentation	broth	were	 isolated	 in	solid	and	 liquid	media.	
DNA	 from	 isolated	 colonies	 was	 extracted	 and	 the	 16S	 regions	 of	 these	 bacteria	 were	
amplified	(Figure	3),	sequenced	and	the	sequences	were	aligned	against	the	NCBI	database.		
	
	
Figure	 3:	 Agarose	 gel	 electrophoresis	 indicating	 the	 bacterial	 16S	 region	 amplification.	 Agarose	
concentration	1.5%;	Sequences	amplified	had	sizes	around	1.500bp.	
	
After	16S	sequencing	of	each	 isolate,	 it	was	possible	to	 identify	14	different	genera	
and	 16	 species	 of	 bacteria	 (Table	 3).	 From	 pre-treated	 sugarcane	 straw	 eleven	 different	
species	 were	 identified,	 in	 which	 5	 of	 them	 are	 gram-negative:	 Acinetobacter	 baumani,	
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Escherichia	hermannii,	Pseudomonas	 fulva,	Serratia	 sp.	 and	Stenotrophomonas	sp,	 and	 the	
other	 6	 are	 gram-positive	 bacteria:	 Bacillus	 thuringiensis,	 Chrysobacterium	 gleum,	
Curtobacterium	 sp.	 Geobacillus	 stearothermophylus,	 Lactobacillus	 casei	 and	Weissella	 sp.	
Four	 species	 where	 identified	 on	 the	 fermentation	 broth,	 in	 which	 one	 is	 gram-negative:	
Enterobacter	 cloacae;	 and	 three	 gram-positive:	 Enterococcus	 faecium,	 Lactobacillus	
farraginis	and	Lactococcus	lactis.	
In	 addition,	 a	 work	 regarding	 the	 metagenomics	 study	 of	 a	 material	 isolated	 in	
different	stages	during	second-generation	ethanol	fermentation	is	being	developed	in	order	
to	 better	 understand	 the	 dynamics	 of	 bacterial	 populations	 in	 this	 process.	 Samples	were	
collected	in	four	different	stages,	as	highlighted	in	green	circles	in	Figure	4.	The	first	sample	
was	collected	during	the	initial	stage	of	the	fermentation	process	where	xylose	consumption	
was	initiating.	On	the	second	sample	glucose	was	almost	completely	consumed,	on	the	third	
there	was	no	glucose	available	and	50%	of	xylose	was	consumed,	and	in	the	last	stage	xylose	
was	almost	completely	consumed.	Samples	collected	had	its	total	DNA	extracted	and	were	
sent	 to	16S	 sequencing.	We	are	 still	 expecting	 the	 results	 to	 further	 explore	 the	potential	
contaminants	of	2G-ethanol	mills.	
	
	
	
Figure	 4:	 Sugar	 consumption	 during	 2G-ethanol	 fermentation.	Glucose	 is	 represented	 in	blue	and	
xylose	in	orange.	Green	circles	indicate	the	four	stages	where	samples	were	collected.	
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Table	3:	Bacteria	isolated	from	pretreated	sugarcane	straw	and	2G	ethanol	mill.	
Source	 Strain	 Description	
Pre-treated	sugarcane	
straw	
Acinetobacter	sp.	 Gram	-;	Rod-shaped;	Isolated	from	
soil	and	water	samples	
Bacillus	sp.	 Gram	+;	Rod-shaped;	Isolated	from	
soil;	B.	thuringiensis	used	as	
insecticide.	
Chrysobacterium	sp.	 Gram	+;	Isolated	from	soil	
Curtobacterium	sp.	 Gram	+;	Isolated	from	soil	
Escherichia	hermannii	 Gram	-;	Rod-shaped;	Found	in	feces	
and	wounds	of	warm	blooded	
animals	
G.	stearothermophilus	 Gram	+;	Indicator	of	sterilization	
Lactobacillus	buchneri	 Gram	+;	Rod-shaped;	Lactic	acid	
bacteria.	
Lactobacillus	casei	 Gram	+;	Rod-shaped;	Lactic	acid	
bacteria.	
Pseudomonas	sp.	 Gram	-;	P.	fulva	originally	isolated	
from	rice	and	is	usually	associated	
with	grains	and	paddy	fields	
Serratia	sp.	 Gram	-;	Rod-shaped;	Facultative	
anaerobic;	
Stenotrophomonas	sp.	 Gram	-;	Rod-shaped;	Can	be	used	as	
biological	control	of	phytopathogens	
Weissella	sp.		 Gram	+;	Isolated	from	soil;	Lactic	
acid	bacteria	
2G	ethanol	mill	 Enterobacter	cloacae	 Gram	-;	Rod-shaped;	Used	in	the	
biological	control	of	plant	diseases.	
Probably	related	to	propagation	
phase.	
Enterococcus	faecium	 Gram	+;	Rod-shaped;	Can	be	used	as	
inoculum	in	the	silage	production.	
Probably	related	to	propagation	
phase.	
Lactobacillus	farraginis	 Gram	+;	Rod-shaped;	Lactic	acid	
bacteria.	
Lactobacillus	plantarum	 Gram	+;	Rod-shaped;	Lactic	acid	
bacteria.	
Lactococcus	lactis	 Gram	+;	Extensively	used	in	
buttermilk	and	cheese	production.	
Pre-inoculum.	
	
Endolysin	selection	
Considering	 that	 LAB	 are	 the	 main	 contaminants	 found	 in	 1G	 industrial	 ethanol	
fermentations,	 as	 previously	 discussed,	 there	 are	 three	 endolysins	 described	 in	 literature	
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known	to	have	lytic	activity	against	these	bacteria:	LysA/LysA2,	λSa2	and	Mur-LH	(Deutsch	et	
al.,	 2004;	 Roach	 et	 al.,	 2013).	 Information	 about	 these	 proteins	 is	 organized	 in	 Table	 4,	
indicating	endolysins	that	were	already	proven	to	have	lytic	activity	against	specific	bacteria.	
In	the	table	the	species	identified	in	this	work	are	also	listed,	and	only	Enterococcus	faecium	
and	 Lactobacillus	 fermentum,	where	 previously	 studied	 regarding	 endolysins	 lytic	 activity.	
The	 endolysins	 λSa2	 and	 LysA/LysA2	were	 previously	 reported	 to	 act	 against	 Lactobacillus	
fermentum,	 while	 it	 was	 not	 possible	 to	 identify	 lytic	 activity	 of	 Mur-LH	 against	 this	
bacterium.	 On	 the	 other	 hand,	 only	 the	 endolysin	Mur-LH	 presented	 lytic	 activity	 against	
Enterococcus	 faecium.	 Considering	 that	 the	 main	 contaminants	 in	 1G	 ethanol	 mills	 are	
Lactobacillus	sp.,	especially	L.	fermentum,	the	use	of	the	endolysin	Mur-LH	in	this	work	was	
discarded.	 Since	 LysA/LysA2	 are	 two	 proteins	 that	 act	 synergistically	 they	 should	 be	
expressed	 together,	 differently	 from	 λSa2,	 therefore	 the	 work	 was	 carried	 out	 with	 λSa2	
protein.	
	
Table	4:	Activity	of	Lysa/LysA2,	λSa2	and	Mur-LH	against	several	bacterial	species.	Species	isolated	
in	 this	work	are	highlighted.	 [+]	 indicates	 the	presence	of	 lytic	activity;	 [-]	 indicates	 the	absence	of	
lytic	 activity;	 [x]	 indicates	 that	 the	 lack	 of	 information	 regarding	 the	 lytic	 activity	 of	 the	 endolysin	
against	the	bacteria.	
Strain	 LysA/A2	 λSa2	 MurLH	 Source	
Acinetobacter	baumani	 x	 x	 x	 Pre-treated	sugarcane	
Bacillus	thuringiensis	 x	 x	 x	 Pre-treated	sugarcane	
Bacillus	subtilis	 x	 x	 +	 (Roach	et	al.,	2013)	
Brevibacterium	linens	 x	 x	 +	 (Roach	et	al.,	2013)	
Chrysobacterium		gleum	 x	 x	 x	 Pre-treated	sugarcane	
Curtobacterium	sp.	 x	 x	 x	 Pre-treated	sugarcane	
Enterobacter	cloacae	 x	 x	 x	 2G	ethanol	mill	
Enterococcus	faecium	 x	 x	 +	 2G	ethanol	mill	 /(Roach	et	al.,	2013)	
Escherichia	hermannii	 x	 x	 x	 Pre-treated	sugarcane	
Geobacillus	
stearothermophilus	 x	 x	 x	 Pre-treated	sugarcane	
Lactobacillus	acidophilus	 x	 x	 +	 (Roach	et	al.,	2013)	
Lactobacillus	amylovorus	 -	 +	 x	 (Deutsch	et	al.,	2004)	
Lactobacillus	brevis	 +	 +	 -	 (Deutsch	 et	 al.,	 2004;	Roach	et	al.,	2013)	
Lactobacillus	casei	 x	 x	 x	 Pre-treated	sugarcane	
L.	delbrueckii	subsp.	bulgaricus	 x	 x	 +	 (Roach	et	al.,	2013)	
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L.	delbrueckii	subsp.	
delbrueckii	 -	 +	 x	 (Deutsch	et	al.,	2004)	
L.	delbrueckii	subsp.	lactis	 x	 x	 +	 (Roach	et	al.,	2013)	
Lactobacillus	farraginis	 x	 x	 x	 2G	ethanol	mill		
Lactobacillus	fermentum	 +	 +	 -	 1G	 ethanol	 mill	 /	(Deutsch	et	al.,	2004)	
Lactobacillus	gasseri	 +	 +	 x	 (Deutsch	et	al.,	2004)	
Lactobacillus	helveticus	 x	 x	 +	 (Roach	et	al.,	2013)	
L.	lactis	subsp.	cremoris	 x	 x	 +	 (Roach	et	al.,	2013)	
Lactobacillus	lactis	subsp.	
lactis	 x	 x	 +	 (Roach	et	al.,	2013)	
Lactobacillus	malefermentans	 -	 +	 x	 (Deutsch	et	al.,	2004)	
Lactobacillus	paracasei	 -	 -	 +	 (Deutsch	 et	 al.,	 2004;	Roach	et	al.,	2013)	
Lactobacillus	plantarum	 x	 x	 x	 1G	ethanol	mill	
Lactobacillus	reuteris	 +	 +	 x	 (Deutsch	et	al.,	2004)	
Lactococcus	lactis	 x	 x	 x	 2G	ethanol	mill	
Leuconostoc	lactis	 x	 x	 +	 (Roach	et	al.,	2013)	
Pediococcus	acidilactici	 x	 x	 +	 (Roach	et	al.,	2013)	
Pseudomonas	fulva	 x	 x	 x	 Pre-treated	sugarcane	
Serratia	sp.	 x	 x	 x	 Pre-treated	sugarcane	
Staphylococcus	aureus	 +	 +	 x	 (Deutsch	et	al.,	2004)	
Staphylococcus	epidermis	 +	 +	 x	 (Deutsch	et	al.,	2004)	
Staphylococcus	hyicus	 -	 +	 x	 (Deutsch	et	al.,	2004)	
Staphylococcus	warnei	 +	 +	 x	 (Deutsch	et	al.,	2004)	
Staphylococcus	xylosus	 +	 +	 x	 (Deutsch	et	al.,	2004)	
Stenotrophomonas	sp.	 x	 x	 x	 Pre-treated	sugarcane	
Streptococcus	agalactiae	 +	 +	 x	 (Deutsch	et	al.,	2004)	
Streptococcus	dysgalactiae	 +	 +	 x	 (Deutsch	et	al.,	2004)	
Streptococcus	pyogenes	 +	 +	 x	 (Deutsch	et	al.,	2004)	
Streptococcus	suis	 +	 +	 x	 (Deutsch	et	al.,	2004)	
Weissella	viridescens	 -	 +	 x	 (Deutsch	et	al.,	2004)	
Weissella	sp.		 x	 x	 x	 Pre-treated	sugarcane	
	
Codon	optimization,	cassette	construction	and	S.	cerevisiae	transformation	
	 The	sequence	of	the	endolysin	λSa2	was	optimized	and	synthesized.	An	analysis	of	its	
codon	 composition	 before	 and	 after	 the	 optimization	 is	 illustrated	 in	 Figure	 5	 with	 the	
comparison	of	the	codon	adaptation	index	(CAI)	and	GC	content	of	both	sequences.	In	Figure	
5a	 the	non-optimized	sequence	presented	a	CAI	of	0.7	when	analyzed	against	S.	cerevisiae	
codon	usage,	while	the	CAI	of	the	optimized	gene	was	registered	as	0.88.	The	closest	the	CAI	
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of	a	sequence	is	to	1.0	the	higher	the	chances	of	the	protein	being	correctly	and	functionally	
expressed	in	the	host.	
The	expression	 cassette	was	 constructed	with	a	promoter	 region	 from	 the	 constitutive	
gene,	ADH1	that	encodes	an	alcohol	dehydrogenase.	The	terminator	region	used	is	the	one	
from	the	gene	CPS1	that	codifies	a	vacuolar	carboxypeptidase	S,	both	from	S.	cerevisiae.	The	
plasmid	 chosen	was	pRS426,	 usually	 used	 in	 the	 expression	of	 heterologous	proteins	 in	S.	
cerevisiae	 at	 a	 high	 number	 of	 copies.	 This	 plasmid	 contains	 the	 gene	 for	 ampicillin	
resistance	and	the	URA3	gene	used	as	selective	growth	mark.	To	ensure	the	secretion	of	the	
expressed	protein	a	signal	peptide	was	inserted	downstream	the	endolysin	gene	sequence.	
This	 signal	 peptide	 is	 known	 as	α-factor	 and	 is	widely	 used	 for	 secretion	 of	 proteins	 in	 S.	
cerevisiae	(Figure	6	and	7).		
	
	
	
Figure	 5:	 Comparison	 between	 the	 CAI	 and	 the	 GC	 content	 of	 the	 original	 and	 the	 codon	
optimized	sequence	from	λSa2.	[a]:	CAI	and	GC	content	of	the	non-optimized	sequence;	[b]:	CAI	and	
GC	content	of	the	optimized	sequence.	
	
The	λSa2	vector	was	sequenced	to	check	for	mutations	and	then	cloned	in	an	industrial	
strain	 of	 S.	 cerevisiae.	 The	 positive	 transformants	were	 selected	 in	minimal	media	 lacking	
uracil,	allowing	only	the	transformed	cells	to	grow.	Colonies	selected	had	its	DNA	extracted	
a	
b	
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and	 the	 presence	 of	 λSa2	 gene	was	 confirmed	 through	 PCR	 amplification	 (Figure	 7f).	 The	
developed	strains	were	used	for	phenotypic	assays.	
	
	
Figure	 6:	 pRS426	 +	 λSa2.	 Scheme	 representing	 the	 main	 features	 of	 pRS426	 S.	 cerevisiae	
expression	vector	containing	the	λSa2	gene.	
	
	
	
	
Figure	 7:	 Electrophoresis	 indicating	 the	 fragments	 amplification,	 cassette	 construction	 and	
confirmation	 of	 the	 transformants.	 [a]:	 vector	 pRS426	 cleaved	 with	 SpeI	 and	 amplified	 to	 avoid	
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overhanging,	 5.726bp,	 1%	 agarose	 gel;	 [b]:	 λSa2,	 1.407bp,	 1%	 agarose	 gel;	 [c]:	 CPS1	 terminator,	
191bp	 and	 ADH1	 promoter,	 702bp,	 1.5%	 agarose	 gel;	 [d]:	 αFactor,	 267bp,	 2%	 agarose	 gel;	 [e]:	
cassette	 λSa2	 [pADH1+	 αFactor+	 λSa2+tCPS1],	 2.594bp,	 1%	 agarose	 gel;	 [f]:	 λSa2	 amplified	 from	
transformed	S.	cerevisiae	DNA,	1.407bp,	1%	agarose	gel.	
	
Preliminary	phenotypic	assays	
	 Preliminary	assays	were	performed	with	the	developed	strain	BTYλ1	harboring	λSa2	
gene	(Table1)	against	two	bacteria:	L.	fermentum	and	L.	plantarum	as	previously	described.	
After	 the	development	of	a	series	of	preliminary	assays	as	described	 in	methods	an	 it	was	
not	 possible	 to	 notice	 any	 difference	 in	 the	 bacterial	 growth	 in	 any	 of	 the	 assays	 when	
compared	to	the	negative	control.	Bacterial	growth	in	all	plates	where	equal	and	dominated	
the	 entire	 medium.	 These	 results	 indicated	 that	 even	 thought	 the	 expression	 vector	 was	
present	 inside	 the	 S.	 cerevisiae	 strain	 something	 else	 along	 the	 way	 was	 not	 working	
perfectly.	
	 RNA	 samples	 were	 extracted	 from	 BT	 and	 BTYλ1	 strains	 to	 ensure	 λSa2	 gene	was	
being	 expressed	 and	 it	 was	 possible	 to	 notice	 that	 λSa2	 was	 being	 transcribed	 (data	 not	
shown).	During	the	development	of	the	cassette,	a	his-tag	tail	was	added	at	the	end	of	λSa2	
gene	 (Figure	 6).	 Then,	 since	 results	 obtained	 with	 preliminary	 phenotypic	 tests	 where	
different	 than	 expected	 the	 supernatant	 and	 intra-cellular	 extract	 from	 transformed	 S.	
cerevisiae	 strains	where	used	 for	a	Western	Blotting	assay.	The	assay	was	 conducted	with	
both	extract	and	supernatant	at	initial	concentration	and	the	3x	concentrated	material.	The	
λSa2	protein	is	expected	to	have	approximately	50	kDa.	As	it	can	be	seen	in	Figure	8	it	was	
not	possible	to	detect	any	protein	in	the	supernatant.	On	the	other	hand,	a	protein	with	the	
expected	size	was	detected	 in	the	two	different	colonies	of	BTYλ1	 in	the	not	concentrated	
intra-cellular	extract	and	was	not	present	in	the	negative	control.	
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Figure	8:	Western	blotting	of	intra-cellular	extract	and	supernatant	of	BTYλ1.	BT	is	used	as	negative	
control;	images	captured	after	1:30	hours	of	exposure.	
	
This	result	suggests	that	λSa2	gene	is	being	translated	and	probably	traduced	by	the	
yeast	but	the	protein	is	not	being	secreted.	In	addition,	even	thought	there	are	signs	that	the	
protein	is	being	expressed	inside	the	cell	when	the	intra-cellular	extract	was	tested	against	
the	L.	fermentum	and	L.	plantarum	bacterial	strains	it	was	not	possible	to	observe	any	lytic	
activity.	 Thus,	 the	 reported	 results	 could	 possibly	 indicate	 problems	 related	 to	 protein	
activity	that	may	be	linked	with	an	incorrect	folding.		
Protein	expression	and	secretion	in	S.	cerevisiae	can	be	complex	once	these	systems	
in	this	species	present	several	limitations.	From	this	point	three	main	strategies	where	taken	
to	continue	the	work,	 the	use	of	different	signal	peptides	 (Table	 5)	 in	S.	cerevisiae,	Use	of	
two	other	endolysins	previously	reported	as	functional	when	expressed	in	S.	cerevisiae	as	an	
positive	control	and	protein	expression	in	two	other	micro-organisms:	E.	coli	and	P.	pastoris	
(Figure	9)	
	
	
	
	
Page Ruler BT BTYλ1.1	 BTYλ1.2	 
55 kDa 
43 kDa 
Page Ruler BT BTYλ1.1	 BTYλ1.2	 
55 kDa 
43 kDa 
Intra-cellular extract Supernatant 
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Table	 5:	 List	 of	 signal	 peptides	 previously	 used	 in	 Saccharomyces	 cerevisiae	 that	 present	 different	
outcomes	depending	on	the	protein	being	secreted.	
Signal	Peptide	 Aminoacid	
Sequence	
Nucleotide	Sequence	 Gene	Ref.	
AA;	Alpha-amylase	
(Aspergillus	niger)	
MVAWWSLFLYGLQ
VAAPALA	
ATGGTCGCGTGGTGGTCTCTATTTCT
GTACGGCCTTCAGGTCGCGGCACCT
GCTTTGGCT	
XM_001390741.
2	
GA;	Glucoamylase		
(Aspergillus	
awamori)	
MSFRSLLALSGLVCS
GLA	
ATGTCGTTCCGATCTCTTCTCGCCCTG
AGCGGCCTTGTCTGCTCGGGGTTGG
CA	
AB083161.1	
IN;	Inulinase		
(Kluyveromyces	
maxianus)	
MKLAYSLLLPLAGVS
A	
ATGAAGTTAGCATACTCCCTCTTGCT
TCCATTGGCAGGAGTCAGTGCT	
AF178979.1	
IV;	Invertase		
(S.	cerevisiae)	
MLLQAFLFLLAGFAA
KISA	 	
ATGCTTTTGCAAGCTTTCCTTTTCCTT
TTGGCTGGTTTTGCAGCCAAAATATC
TGCA	
	NC_001141.2	
KP;	Killer	protein		
(S.	cerevisiae)	
MTKPTQVLVRSVSIL
FFITLLHLVVA	
ATGACGAAGCCAACCCAAGTATTAG
TTAGATCCGTCAGTATATTATTTTTCA
TCACATTACTACACCTAGTCGTAGCG	
AH014886.2	
AT;	Alpha-factor_T		
(S.	cerevisiae)	
MRFPSIFTAVLFAAS
SALA	
ATGAGATTTCCTTCTATTTTTACTGCT
GTTTTATTCGCTGCTTCCTCCGCTTTA
GCT	
M24080.1	
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Figure	9:	Plasmid	constructed	 for	expression	 in	P.	pastoris.	pPICZ	system	was	used	with	the	alpha	
factor	signal	peptide	for	protein	secretion.	
	
Future	steps	
	 Results	 obtained	 to	 the	 date	 indicate	 that	 probably	 the	 yeast	 is	 not	 secreting	 the	
protein	 and	 also	 that	 the	 endolysin	 it	 may	 not	 be	 active	 even	 in	 the	 intra-cellular	 space.	
Therefore,	three	new	strategies	are	being	conducted	to	overcome	those	problems.	First,	we	
will	 use	 as	 positive	 control	 two	 proteins	 that	were	 previously	 functionally	 expressed	 in	 S.	
cerevisiae,	 LysA/LysA2	 endolysins.	 Second,	 the	 endolysin	 λSa2	 is	 also	 being	 cloned	 in	 the	
yeast	Pichia	pastoris,	 commonly	used	 for	 the	 secretion	of	proteins,	 as	 a	proof	of	 concept.	
Finally,	 cassettes	 containing	 different	 signal	 peptides	 are	 also	 being	 developed	 (Table	 4)	
hoping	that	one	of	them	will	have	a	better	performance	in	the	secretion	of	this	protein	in	S.	
cerevisiae.		
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General	Discussion	
	 Biomass	conversion	into	energy	is	a	promising	strategy	to	reduce	fossil	fuel	utilization	
worldwide.	 In	 this	 context,	 bioethanol	 is	 an	 energy	 source	 descendent	 from	 biomass	
considered	 a	 renewable	 energy	 source.	 Ethanol	 is	 a	 product	 with	 low	 aggregate	 value,	
therefore	 optimization	 of	 the	 production	 process	 allows	 it	 to	 be	 economically	 viable	 to	
compete	with	other	energy	sources	derived	from	fossil	fuels.	
	 Several	 bottlenecks	 can	 happen	 during	 ethanol	 production	 process.	 This	 work	
focused	on	the	fermentation	process	conducted	by	the	yeast	Saccharomyces	cerevisiae.	To	
the	 date,	 during	 fermentation	 in	 1G-ethanol	 production	 the	 appearance	 of	 bacterial	
contaminants	 a	 major	 problem	 faced	 by	 mill	 owners	 and	 contamination	 control	 is	 made	
mainly	by	the	prophylactic	use	of	 large	spectrum	antibiotics.	This	practice	 is	expensive	and	
can	be	harmful	for	the	environment.		
Therefore	 an	 alternative	 antimicrobial	 agent	was	 proposed.	 It	 consists	 in	 a	 protein	
from	 bacteriophages	 that	 can	 attack	 bacteria	 with	 specificity,	 called	 endolysin.	 Thus,	 this	
new	antibiotic	could	be	developed	depending	on	the	type	of	the	contaminant	present	in	the	
mill,	reducing	the	chances	of	antibiotic	resistance	development	by	the	bacteria.	In	addition,	
this	work	 proposes	 the	 production	 and	 secretion	 of	 this	 protein	 by	 the	 industrial	 yeast	 S.	
cerevisiae	PE-2	strain,	reducing	the	costs	involving	the	utilization	of	this	antimicrobial	agent.	
Also,	the	inactivation	of	this	protein	is	easily	achieved	with	elevated	temperature;	therefore	
they	can	be	considered	as	environmentally	safe.	
	 Besides	 1G-ethanol,	 contamination	 can	 also	 be	 a	 problem	 during	 2G-ethanol	
production,	once	fermentation	is	slower	and	full	of	sugars	that	bacteria	can	easily	consume.	
Therefore	a	study	 is	being	developed	 to	better	understand	which	contaminants	present	 in	
2G	ethanol	mills	can	present	a	risk	to	the	process.	
This	 work	 also	 approached	 a	 second	 bottleneck	 from	 2G-ethanol	 fermentation	
process:	 xylose	 consumption	 by	 S.	 cerevisiae.	 As	 previously	 described	 this	 yeast	 is	 not	
capable	of	converting	xylose	into	ethanol	naturally,	therefore	we	proposed	the	expression	of	
an	 enzyme	 called	 xylose	 isomerase	 from	 the	 bacteria	 Propionibacterium	 acidipropionici	
capable	of	converting	xylose	into	xylulose,	that	can	be	metabolized	by	S.	cerevisiae.	
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Protein	expression	in	S.	cerevisiae	can	be	complicated	due	to	several	characteristics	
of	 the	organism.	Both	heterologous	protein	expressions	performed	 in	 this	work	presented	
difficulties.	During	 endolysin	 expression	 the	 protein	was	 cloned	 and	 expressed	 but	 results	
indicate	that	the	yeast	was	not	secreting	it,	in	addition	intracellular	proteins	did	not	present	
any	 lytic	 activity	 against	 lactic	 acid	 bacteria.	 Different	 expression	 approaches	 are	 being	
proposed	to	continue	the	work	and	achieve	the	proposed	goal	of	developing	a	yeast	strain	
capable	of	controlling	the	main	bacterial	contaminants.		
During	 xylose	 isomerase	 expression	 the	 same	 problem	 was	 faced,	 the	 gene	 was	
cloned,	the	protein	was	being	expressed	but	for	some	reason	it	didn’t	present	activity	inside	
S.	 cerevisiae	 yeast.	 Trying	 to	 understand	 the	 reason	 why	 the	 protein	 was	 inactive	 an	
extensive	 research	 of	 previous	works	 that	 expressed	 the	 xylose	 isomerase	 in	 S.	 cerevisiae	
was	performed.	 It	was	possible	 to	note	 that	 in	more	 than	half	of	 the	published	works	 the	
protein	was	also	inactive	in	S.	cerevisiae.	Even	thought	the	high	amount	of	negative	results	
involving	this	specific	heterologous	expression	few	works	explored	the	possible	reason	why	
the	protein	was	 inactive,	 and	 the	 few	works	 that	brought	 the	 subject	only	mentioned	 the	
problematic	superficially.	
In	this	context	and	inspired	in	a	previously	published	work	that	converted	an	inactive	
Rubisco	protein	into	an	active	one	when	bacterial	chaperonins	where	also	expressed	in	the	
yeast,	 heterologous	 expression	 of	 the	 chaperonin	 complex	 GroEL-GroES	 from	 E.	 coli	 was	
made	along	with	the	xylose	isomerase	from	P.	acidipropionici.	This	strategy	allowed	the	XI	to	
be	active	inside	the	yeast	and	the	overall	performance	of	the	enzyme	was	almost	as	good	as	
the	 best	 XI	 described	 in	 literature.	 In	 addition,	 the	 protein	 structure	 of	 XI	 from	 P.	
acidipropionici	 and	Piromyces	 sp.	were	modeled	and	 results	 indicate	 that	 incorrect	 folding	
was	the	main	problem	for	functional	expression	of	P.	acidipropionici	XI.	
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Conclusion	
	 From	the	beginning	of	this	work	the	interest	for	bioenergy	has	only	raised	worldwide.	
In	 Brazil,	 ethanol	 is	 still	 the	main	 renewable	 energy	 capable	 of	 competing	with	 fossil	 fuel	
based	 energy	 sources.	 Therefore	 the	 work	 developed	 aims	 to	 help	 the	 optimization	 of	
ethanol	production	processes	so	that	it	can	continue	to	be	economically	viable,	competitive	
and	more	environmentally	safe	than	 it	 is	now.	The	new	antimicrobial	strategy	proposed	 in	
chapter	 II	 could	 lead	 to	 a	 great	 reduction	 in	 fermentation	 costs	 and	 also	 diminish	 the	
environmental	 impact	of	 the	plant	effluents.	Also	 results	presented	 in	 chapter	 I	 helped	 to	
elucidate	 one	 major	 bottleneck	 during	 heterologous	 expression	 of	 proteins	 fro	 xylose	
consumption	by	S.	cerevisiae	yeast.	In	both	cases	further	studies	are	required	for	a	complete	
optimization	of	fermentation	during	1G	and	2G-ethanol	production.	
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Additional	file	1	
	
	
	
Figure	S1:	Analysis	of	possible	xylose	isomerase	codifying	genes	in	the	genome	of	P.	acidipropionici.	[a]:	possible	operon	containing	the	gene	
PACID_	03490;	 [b]:	possible	operon	containing	 the	gene	PACID_	34060;	 [c]:	possible	operon	containing	 the	gene	PACID_34150	 [d]:	possible	
operon	containing	the	gene	PACID_33980.	The	xylA	candidate	genes	are	represented	in	green,	closely	related	genes	are	represented	in	blue.	
The	 three	 genes	 with	 low	 similarity	 to	 other	 XIs	 (PACID_34060,	 PACID_34150,	 and	 PACID_33980)	 presented	 codifying	 sequences	 closely	
positioned,	but	none	had	a	direct	relation	to	sugar	consumption	(b,	c	and	d).	On	the	other	hand,	two	other	contiguous	genes	with	the	same	
orientation	 were	 noted	 close	 to	 xylA	 (PACID_03490).	 The	 first	 one	 (PACID_03480)	 codifies	 a	 sugar	 transporter	 from	 a	 major	 facilitator	
superfamily	 (MFS);	 the	 second	 one	 is	 the	 gene	 that	 codifies	 a	 xylulokinase	 (PACID_03470)	 (a).	 Both	 genes	 are	 directly	 related	 to	 xylose	
consumption,	emphasizing	once	again	that	this	gene	was	the	one	responsible	for	XI	protein	formation	in	P.	acidipropionici.	
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Figure	S2:	Agarose	gel	electrophoresis	of	xylA	amplification	from	cDNA.	BT	was	used	as	a	negative	control	and	RNA	translation	of	xylA	gene	
can	be	observed	with	amplification	of	BTXIPa	and	BTXI2.0	samples.	
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TableS1:	 XI	 expressed	 in	 Saccharomyces	 cerevisiae.	 	 List	 of	 XI	 from	 innumerous	 sources	 that	were	 expressed	 in	 the	 yeast	 Saccharomyces	
cerevisiae,	[+]	indicate	the	enzymes	that	were	functional	and	[-]	indicate	the	ones	that	showed	no	activity	in	the	yeast.		
XI	source	/	name	 Functional	 Optimized	
Identity	with	
Piromyces	
sp.	
Group	
Sequence	
access	number	
Referenc
e	
Abiotrophia	defectiva	 +	 Yes	 52%	 Bacteria	 -	 [1]	
Actinoplanes	missouriensis	str.	DSM43046	 -	 No	 24%	 Bacteria	 P12851	 [2]	
Agrobacterium	radiobacter	K84	(A.	tumeaciens)	 +	 No	 51%	 Bacteria	 B9JAF5	 [3]	
Agrobacterium	tumefaciens	C58	 -	 No	 50%	 Bacteria	 Q8U7G6	 [4]	
Alistipes	sp.	HGB5	 +	 Yes	 79%	 Bacteria	 E4MCK9	 [5]	
Alkaliphilus	metalliredigens	QYMF	 -	 Yes	 52%	 Bacteria	 A6TUP7	 [6]	
Arabdopsis	thaliana	 -	 No	 51%	 Plant	 Q9FKK7	 [4]	
Arthrobacter	aurescens	TC1	 -	 Yes	 26%	 Bacteria	 A1RAY0	 [7]	
Bacillus	licheniformis	str.	ATCC14580	 -	 No	 52%	 Bacteria	 P77832	 [4]	
Bacillus	stearothermophylus	(Geobacillus	
stearothermophylus	strain	T-6)	
+	 Yes	 48%	 Bacteria	 Q09LW9	 [8]	
Bacillus	subtilis	str.	168	 -	 No	 48%	 Bacteria	 P0CI80	 [2]	
Bacteroides	distasonis	str.	ATCC8503	(Parabacteroides	
distasonis)	
+	 Yes	 73%	 Bacteria	 A6LA39	 [9]	
Bacteroides	fragilis	str.	DSM2151	 +	 Yes	 80%	 Bacteria	 Q5LCV9	 [7]	
Bacteroides	ovatus	ATCC8483	 -	 Yes	 85%	 Bacteria	 A7LXH2	 [9]	
Bacteroides	stercoris	HJ-15	 +	 No	 83%	 Bacteria	 G1AUD0	 [10]	
 
65 
Bacteroides	thetaiotaomicron	ATCC	29148	 +	 Yes	 84%	 Bacteria	 Q8A9M2	 [11]	
Bacteroides	uniformis	ATCC8492	 +	 Yes	 83%	 Bacteria	 A7UZG5	 [12]	
Bacteroides	vulgatus	ATCC8482	 +	 Yes	 82%	 Bacteria	 A6L792	 [5]	
Bifidobacterium	longum	MG1	 -	 No	 48%	 Bacteria	 G1AUD1	 [10]	
Blastocystis	hominis	 +	 Yes	 52%	 Protist	 D8MBL6	 [13]	
Burkholderia	cenocepacia	J2315	 +	 No	 50%	 Bacteria	 B4ENA5	 [14]	
Burkholderia	phytofirmans	PsJN	 -	 Yes	 52%	 Bacteria	 B2T929	 [7]	
Burkholderia	xenovorans	LB400	 -	 No	 52%	 Bacteria	 Q13RB8	 [4]	
Candida	boidinii	 -	 Yes	 49%	 Fungi	 -	 [13]	
Ciona	intestinalis	 +	 Yes	 50%	 Animal	 F6WBF5	 [7]	
Citrobacter	youngae	ATCC29220	 -	 -	 49%	 Bacteria	 D4BII5	 [15]	
Clostridium	cellulolyticum	H10	 -	 Yes	 51%	 Bacteria	 B8I1T2	 [6]	
Clostridium	cellulovonans	743B	 +	 No	 51%	 Bacteria	 D9SR73	 [16]	
Clostridium	difficile	M120	 -	 Yes	 54%	 Bacteria	 FN665653.1	 [7]	
Clostridium	phytofermentans	ISDg	 +	 Yes	 54%	 Bacteria	 A9KN98	 [4]	
Clostridium	thermosulfurogenes	
(Thermoanaerobacterium	thermosulfurigenes)	
-	 No	 50%	 Bacteria	 P19148	 [17]	
Cyllamyces	aberensis	 +	 Yes	 91%	 Fungi	 HV778520.1	 [7]	
Epulopiscium	sp.	N.t.	morphotype	B	 -	 Yes	 55%	 Bacteria	 -	 [6]	
Escherichia	blattae	str.	DSM4481	(Shimwellia	blattae)	 -	 -	 50%	 Bacteria	 I2B3Z9	 [15]	
Escherichia	coli	K12	 -	 No	 49%	 Bacteria	 P00944	 [18]	
Eubacterium	sabbureum	str.	DSM3986	 +	 No	 52%	 Bacteria	 E6LP05	 [19]	
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(Lachnoanaerobaculum	saburreum)	
Fusobacterium	mortiferum	ATCC9817	 +	 Yes	 52%	 Bacteria	 C3W9E8	 [7]	
Gloeophyllum	trabeum		 -	 Yes	 91%	 Fungi	 -	 [13]	
Haemophilus	somnus	129pt	 -	 Yes	 52%	 Bacteria	 Q0I346	 [7]	
Lactobacillus	pentosus	str.	DSM	20314	 -	 No	 46%	 Bacteria	 A0A0R1FPH9	 [4]	
Lactobacillus	xylosus	(Lactococcus	lactis	DSM20175)	 +	 No	 49%	 Bacteria	 Q9CFG7	 [20]	
Orpinomyces	sp.	ukk1	 +	 No	 95%	 Fungi	 B7SLY1	 [21]	
Paraprevotella	xylaniphila	YIT11841	 +	 Yes	 82%	 Bacteria	 F3QTK4	 [5]	
Physcomitrella	patens	subsp.	patens	 -	 Yes	 52%	 Plant	 A9T7Y3	 [7]	
Phytophthora	infestans	T30-4	 +	 Yes	 51%	 Oomycota	 D0NA42	 [6]	
Piromyces	sp.	E2	 +	 No	 100%	 Fungi	 Q9P8C9	 [22]	
Prevotella	ruminicola	TC2-24	(Bacteroides	ruminicola)	 +	 Yes	 81%	 Bacteria	 R9R7L8	 [9]	
Propionibacterium	acidipropionici	 -	 Yes	 47%	 Bacteria	
	
This	work	
Pseudomonas	fluorescens	(99%	identity)	 -	 No	 50%	 Bacteria	 Q3KDW0	 [23]	
Pseudomonas	syringae	pv.	aptata	str.	DSM	50252	 -	 No	 50%	 Bacteria	 F3J2B1	 [4]	
Pseudomonas	syringae	pv.	tomato	323	 -	 -	 50%	 Bacteria	 A0A099SLK6	 [15]	
Robiginitalea	biformata	str.	DSM	15991	 -	 No	 62%	 Bacteria	 A4CGS8	 [4]	
Ruminococcus	flavefaciens	007c	 +	 Yes	 51%	 Bacteria	 W7UZA6	 [6]	
RuXI	 +	 No	 80%	 -	 -	 [24]	
Saccharophagus	degradans	str.	DSM	17024	 -	 No	 62%	 Bacteria	 Q21HR5	 [4]	
Salmonella	typhimurium	LT2	 -	 No	 50%	 Bacteria	 Q8ZL90	 [4]	
Sorangium	cellulosum	str.		So	ce56	 +	 No	 62%	 Bacteria	 A9FY79	 [23]	
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Staphylococcus	xylosus	str.	DSM	20266	 -	 No	 48%	 Bacteria	 P27157	 [4]	
Streptomyces	rubiginosus	str.	ATCC1927	 -	 No	 28%	 Bacteria	 P24300	 [25]	
Tannerella	sp.	6_1_58FAACT1	 +	 Yes	 82%	 Bacteria	 G9S7T9	 [5]	
Thermotoga	maritima	MSB8	 -	 Yes	 52%	 Bacteria	 Q9X1Z5	 [7]	
Thermus	thermophilus	HB8	 +	 No	 27%	 Bacteria	 P26997	 [26]	
Xanthomonas	campestris	pv.	campestris	str.	DSM	3586	 -	 No	 60%	 Bacteria	 Q8P9T9	 [4]	
XI	from	bovine	rumen	 +	 Yes	 80%	 -	 -	 [13]	
XI	from	human	gut	 +	 Yes	 83%	 -	 -	 [13]	
XI	from	intestinal	protozoa	of	Reticulitermes	speratus	 +	 No	 50%	 -	 -	 [27]	
Xym1	-	XI	gene	from	uncultured	bacterium	 +	 No	 62%	 Bacteria	 AEG75765.1	 [28]	
Xym2	-	XI	gene	from	uncultured	bacterium	 +	 No	 62%	 Bacteria	 AEG75766.1	 [28]	
Yokenella	regensbungei	ATCC43003	 -	 -	 50%	 Bacteria	 G9Z1E8	 [15]	
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